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SUMMARY

A hazards classification procedure has been developed for chemical
mixtures which exist in propellant and explosive manufactur ing operations.
The approach used in developing the procedure consisted of the following
steps, First, a survey was made of process plant accident reports in the
DOD Explosives Safety Board files and of available hazar’s analyses.
These were reviewed in order to identify the important aspects of the
problem (i.e., ignition modes, stimulus intensities and consequences).

A survey of existing potentially applicable tests was also conducted to
identify the techniques previously used, A preliminary procedure was
then formulated and the most promising tests required by the procedure
were evaluated experimentally. The evaluations included tests to char-
acterize local impact initiation, rubbing friction initiation, local
thermal initiation, regional thermal initiation, electrostatic discharge,
critical diameter, critical layer thickness, tube transition, layer tran-
sition, mass explosion, mass fire, and firespread., Tests were conducted
on four inprocess sample materials (M30 pellets, Ml strands, M26 paste,
and RDX slurry). The test results were used tc scrutinize the prelimi-~
nary procedure and identify necessary procedure modifications. The haz-
ards classification procelure was then finalized based on the changes in-
dicated. The final procedure consists of two parts: (1) a sensitivity
evaluation to indicate the likelihood of an initiation occurring and
identify the dominant stimulus types and (2) an effects evaluation to
identify the probable corsequence of an initiation and 1its severity.
Based on the effects evaluation, the material is assigned to be a classi-~
fication in a scheme very similar to the existing NATO-UN system.
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BACKGROUND

Objective

The objective of the investigation described in this report is to
develop a hazard classification procedure for chemical mixtures which
exist in propellant and explosive manufacturing operations. The proce-
dure developed is to form the basis of a regulatory guide to modify or
supplement the existing "explosives hazard classification procedures,"
Department of the Army Technical Bulletin 700-2 (Ref. 1). . The existing
procedures specifically do not address hazards which exist "during var-
ious stages of manufacture and assembly." The procedure developed under
the present work is intended to f£ill that void.

The existing hazard classification procedure (TB 700-2) addresses
hazards associated with [inal product explosives in transport and stor-
age, rather than material forms which exist during manufacture inside
process plants. Such inprocess materials exist in a wide variety of ma-
terial forms (solids, powders, flakes, grains/cylinders, strands, slur-
ries, liquids, emulsions, vapor-air or dust-air mixtures, etc.). These
materials are acted on by a wide variety of normal and abnormal opera-
tion stimuli in a wide variety of process operations. If an ignition
occurs, the result may be anything from a minor reaction which does not
propagate to a massive explosion. Other hazards such as toxic gas pro-
duction also exist, but are not addressed here. An effective hazards

classification procedure must address each of these factors in a realis-
tic manner.

Previous Program

This report presents the results of the second project conducted
by 1IT Research Institute to accomplish the stated objective. The ac-
complishments of the initial program (Ref. 2) included:

1. A survey of existing hazard classification schemes was
made. Most of the existing schemes were found to have
distinct weaknesses. The NATO-UN system (Ref. 3) seems
to minimize these weaknesses and was tentatively selected

as the basis for developing the inprocess hazards class-
ification procedure.

2. The Department of Defense Explosives Safety Board (DDESB)
accident records were reviewed to help clarify the haz-
ards which have existed in process operations histori-
cally. This includes bcoth the accident consequences and
probable causes. A statistical analysis of the collected
data was conducted in order to help define the minimum
stimulus energy which had to be present in the accidents
to have caused initiation, assuming the accident reports
cited the correct causes fer the accidents. Only
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a sampling of the DDESB file was reviewed; the data base
for statisticalJaQalysis_was quite small in many cases;
it was suggestéa hat a more thorough search be conducted
in the follow-on effort.

3. A preliminary survey was made of existing (primarily
sensitivity) tests, and the most promising tests for
incorporation into a hazards classification procedure
were chosen. Selected tests were experimentally evalu-
ated using four inprocess materials as test samples.
These sample materials were:

a. RDX—HZO slurry to represent a conveying opeia—
tion,

b. M30 pellets to represent a drying operation,

c. M26 paste to represent a nixing operation, and

d. Ml strands to represent an extrusion operation.

The test evaluations included drop weight impact, strip
friction, electrostatic discharge (ESD), differential
scanning calorimetry (DSC), critical diameter and criti-
cal height. It was conciuded that for the standard im-
pact, friction and ESD tests, in many cases the sample
material form had to be severely altered from the actual
inprocess form in order to conduct the test. This could
lead to very unrealistic conclusions about the material's
sensitivity. DSC appeared to adequately characterize the

material's sensitivity to ignition by a regional thermal
stimulus.

4. Based on the results of the investigations in.che initial

program, a preliminary hazards classification procedure
was drafted.

In general, the initial work helped to "define the problem.” Classifi-
cation schemes were identified and the NATO-UN scheme was selected as
the most promising: Accident consequences, accident causes, and igni-
tion stimuli levels were identified based on a preliminary review of the
DDESB accident file, but a more thorough review was needed. Existing
test methods were reviewed and selected. These tests were experimen~
tally evaluated, but the need for some modificatfons of existing tesus
was pointed out. Very few existing tests could be applied directly to
realistically characterize the hazards of inprocess materials. A "first
iteration" procedure was drafted but after scrutinizing that procedure
format in the intial steps of the follow-on program, the procedure was
found to embody several deficiencies znd a fresh look was needed..

Program Approach

The first task accomplished on the present program was to criti-
cally review the work accomplished under the previous project. Al-
though a sound base was provided, many of the accomplished tasks re-
quired expansion. The following program approach was taken in order to
finalize the development of a hazard classification procedure for in-
process propellant and explosive materials:

3

AT A DAL A, A VT AT DR LT Y R S eioits

=PI L g T



Task 1: Historical Accident Survey

The relevant process plant accident reports in the DDESB file not
reviewed in the previous program were collected, reviewed, and
added to the reports which were previously collected. The survey
of the DDESB accident reports was conducted to determine what types
of acc¢idents have occurred historically and what stimuli were felt
to be the causes. In addition, by knowing what material was ini-
tiated and which stimulus was the most likely cause, the minimum
stimulus energy level which had to be present could be estimated
in many cases. This helped to "define our problem" by pointing
out what consequences, ignition modes, and stimulus intensities
have to be represented by the procedure developed.

Task 2: Fngineering Analysis Svrvey

To supplement the information sought under Task 1, hazards analyses
conducted for process plants were also reviewed. Stimulus types un-
covered by the hazards analyses and stimulus energy levels ("inpro-
cess potentials") estimated from hazards analysis engineering anal-
yses were sumarized in the same manner as was done for the DDESB
historical data. By combining the results of Tasks 1 and 2, approx-
mate intensities of each stimulus type for each type of process op-
eration were estimated. Thesc values were later used to help define
the significance of sensitivity test results.

Task 3: Survey of Existing Tests :

The survey of test methods which was conducted on the previous pro-
gram was expanded and used to develop a list of tests which might
be applicable to hazards classification of inprocess materials.
This also showed which phenomena previous investigators felt were
important and how they felt these phenomena could be characterized
in tests.

Task 4: Define Classification Procedure Structure

Tasks 1, 2 and 3 showed which accident consequences are of major
concern, which stimuli are most important in causing the accidents,
and what tests have been used to characterize these hazards. With
this information, several options were seen to exist which might be
used to classify the hazards of inprocess materials. After decid-
ing to use the procedure to assign inprocess materials to categories,
the same or nearly the same as the NATO-UN categories a preliminary
procedure structure was formulated. During the program, the proce-
dure structure went through many iterations before bteing findlized.

Tagsk 5: Select Candidate Classification Tests and Evaluate

Based on the procedure structure developed under Task 4, candidate
tests were chosen for experimental evaluation. The same four sam-
ple materials used during the initiai project were used again to
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experimentally evaluate the tests selected for hazards classifica-
tion. In many cases, the initial form of the test had to be modi-
fied one or more times before settling on a test felt to be suit-
able for the procedure.

Task 6: “Validate" Procedure

Using the test data for the four sample materials (where test eval-
uations were done) and some sensitivity test data from the litera-
ture (where test evaluations were not done), the classification pro-
cedure was exercised. The four sample materials were classified
using the procedure. It is not felt that this is a full validation
of the procedure. A much more extensive validation of the procedure
for a wide variety of material forms, and for some materials with

an accident history, is strongly suggested.

Task 7: Finalize Procedure

After preliminarily "validating" the procedure, the procedure was
finalized. The final procedure is presented in Apperdix E of this !
report.

As background, some discussion will be given to the philosophy be-
hind the structure of the hazard classification procedure which has
evolved out of this program. As mentioned previously, it was decided
early in the program to have the procedure structured to assign inpro-
cess materials to categories in the NATO-UN classification scheme or
a scheme very much like that one. The NATO~UN system seems to minimize
the weaknesses noted in Reference 2 for the different classification
systems. The NATO-UN scheme is based on the consequences of an initi-
ation and is used to specify quantity-distance requirements. The haz-
ards which exist in a process plant are actually related to both the
consequences and the likelihood of the consequences occurring. In this
sense, hazards classification should be more of a risk evaluation.
Table 1 outlines three of the more obvious bases which could be used to
identify an appropriate hazards class. The procedure should yield a
classification which not only identifies the worst possible consequences
(i.e., quantity-distance) but a (perhaps separate) number should also
be assigned which indicates how likely the consequence is to occur.
This second number would be based on sensitivity testing whereas the
consequence class (giving quantity-distance) would be based on the ef-
fects vesting. Critical dimension and transition testing helps to
identify what the worse credible consequence is and thus which effects
tests should be vonducted. The procedure developed under this program

emphasizes classification by the consequence (1.e., the NATO~UN system)
but also considers sensitivity. :

In the sections which follow, each of the outlined program tasks
will be discussed in greater detail. The final procedure will be pre-
sented with some discussion of the options which were considered. The
"'validation'" of the procedure will be discussed, and conclusions and
recommendations for further work will be delineated.

5
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T Table 1
. ,“,‘ i .
Possible criteria for classifying inprocess materials

1. Classify Based on the Consequence, e.g.:

e airblast/fragments
fireball

sustained mass fire
firespread

minor consequence

TELLS: Safe Separation Distance and/or Required Structural
Strength, Safety Features, etc.

2. Classify by Material Sensitivity, e.g.:

local impact

regional impact
impingement e easily ignited

rubbing friction o difficult to Fgnite
local theraal e will not ignite
regional thermal

electrustatic discharge

TELLS: How Likely an Ignition is and What Safety Precautions
Should be Taken to Minimize the Possibility of an Ignition

3. Classify by Total Risk to Life and/or Structures

RISK = Likelihood of Ignition x Extent of Damage
—_—_
Sensitivity Consequence

TELLS: Safe Separation and/or Structural Safety Design Require-

ments with an Assessment of the Urgency Based on Likeli-
hood of Occurrence
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ANALYSIS OF DDESB ACCIDENT DATA

Early in 1978, IITRI personnel visited the DoD Explosive ‘Safety
Board to collect the remaining process plant accident data (data not
compiled on the previous hazards classification program). The accident
reports which were newly collected were reviewed and tabulated. If an
accident report did not specify the most probable initiation stimuli
(e.g., most short telephone reports), the probable cause entry on our
table was "Unknown; No Specification", and the incident was not used
in the statistical analysis. This was different from the statistical
analysis of the prior contract, where unknown causes were used as data
points for all of the initiation stimuli types.

Next, the accident reports compiled under the previous contract
were added to the new list. In many cases this involved recategorizing
the incidents into the new categories of process operations. A summary
table was developed combining the newly collected data with the inci-
dent reports collected under the previous contract. This table is pre~
sented in Appendix A. A summary of the incident reports documented in
the DDESB file is presented in Table 2. Table 2 lists the different
categories of process operations and the number of accident reports in
the file which involved each of these operations. Not all of the re-
ports in the DDESB file gave probable cause, For those reports which
cited one or more probable cause, the distribution of probable causes
for each operation type is given in Table 3.

The accident data was grouped as shown in Table 3, by process oper-
ation and ignition stimulus type. For each group, a statistical anal-
ysis of the usable data was accomplished to help estimate the different
stimulus energy levels which would have had to have been present from
the operation (normal operation, off design operation or accidental
failure mede) in order for the energetic material present to have been
initiated. The method that was used to accomplish this can best be ex-
plained using an example. Suppose we are analyzing a fictitious type of
process operation known as "spraying". Suppose also that there were
seven impact and five thermal "spraying" incidents uncovered in the
historical file. When we evaluate the thermal "spraying" cases we find
that thermal sensitivity tests were done for only three of the materialg
involved. Without doing further sensitivity tests at this point in time,
we only have three cases which can be used in the statistical analysis.
Each of these cases 1s interpreted in the following way. If in case A,
the material involved is known to have a thermal ignition point of 350°C
from prior sensitivity testing, we assume that at least 350°C had to be
present in the process operation in order for the ignition to have oc-
curred by a thermal stimulus. Therefore, the distribution of energy
levels represented by the historical data represents the minimum energy
levels which are expected to have been present in order for the mater?
als involved to have been ignited. These data do not always conform to
a normal distribution. This was clearly seen by plotting the number of
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Table 2

Summary of incident reports documented from DDESB file

Number of reports

Percenf of incident

- e e e =
Al I B T

3
i,

<

Process operation docuaented reports in each category
Belt Conveyors 4 0.7
Screw Conveyors 1 -
Bucket Conveyors 0 -
Pr. .umatic Conveyors 1 -
Hoppers 19 3.3
Tote Bins ; 1 -
Screening, Sieving,

Sifting 15 2.6
Pressing, Cartridging 84 14.5
Extrusion, Kolling 11 1.9
Mills 26 4.5
Glazing, Coating, Batch

Drum Operations 6 1.0
Drying, Dry House, Oven 63 10.9
Melt Pour, Casting 25 4.3
Chutes 0 -
Reactors 32 5.5
Washing 5 0.9
Mixing 74 12.8
Gravity Separators 3 -
Centrifugal Separators 0 -
Product Pumps 6 1.0
Filters 2 -
Flaker Drum, Belt Flaker 0 -
Distillations 3 -
Solvent Recovery 6 1.0
Mix-Melt Mix Operations 0 -
Recystallization 2 -
Neutralizing 2 -
Packaging/Filling (dry

materials) Assembly,

Loading/Unloading;

Transfer 114 19.7
Machining 21 3.6
Maintenance 40 -
Storage 13 -
TOTAL 579 100
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occurrences at each energy level as a function of energy level. However,

by assuming the data conforms to a normal distribution and by computing
the mean plus one standard deviation, we have a consistent procedure for

selecting a process energy level which should represent a "high inprocess

value." 1f the distribution were normai, the mean energy level (p) plus
one standard deviation (0) wouid include about 84 parcent of the cases.
Two standard deviations would include about 98 percent of the cases and
three standard deviations would include about 99.9 percent. Since many
of the distributions are not normal, the i + 0 value is merely a consis-
tent technique for selecting an inprocess energy level which should be

a relatively high value for a prccess operation. Figure 1 presents the
energy levels derived using the data for all process operations as a
single sampling for each stimulus. Bars showing the mean and one stan-
dard deviation spread are shown for impact, friction, ESD, thermal and
impingement ignition stimuli. Similar bars have also been developed

for all the subsets of data (process operations and stimulus types).
These are summarized-:in Table 4.

Two points concerning Table 4 should be noted. First, whenever
only a mean stimulus value is shown, this implies that no deviation in
the energy level data was present. In other words all the data was at
the same level or only one data point was available. Second, in many
cases a note is made of the number of incident reports citing other
types of stimuli. When these other incidents are mentioned, a statis-
tical analysis for those stimuli could not be accomplished because sen-
sitivity data was not available for the materials involved.
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Impact

B o= 3.81 — x 10° L 7.26 x 10° ¥

s mnl w2
g = 3.45 7 0.36
Friction

4,23
U= 2.48 — 2.48 x 108 Y% 5.23 x 108 ¥
g =1,75 e 78
ESD
4.37 « seems very high 4,37 joules

U= 1.06 = 1.06 joules
g = 3,32 -2.26

Thermal (not runaway reactions)

u o= 328 432
g = 105

oc 432°

Impingement

u = 152
g =0

152 2
8

152

Fig 1 Total sample categorized by stimulus only
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Table 4

Mean

Mean plus one

Process:cperation Afguulus type stimulus level standard deviation
Melt pour casting Impact 6.11 9.39
Friction 2,5
ESD 0.5
Thermal 327 423
Pressing Impact 3.5 , 6.76
Friction 3.46 5.41
Also had one thermal,
ten adiabatic compres-
sion and one compres-
sion/pinch cases
Reactors Friction 0.378 -0.527
(all nitrators) Thermal 319 415
Extrusion Impact 1.0 1.0
Friction 1.68 3.07
Thermal 167
Also had three adiabatic
compression cases
Machining Impact 0.3
Friction 3.%? 4.25
ESD 0.26
Mixing Impact 3.48 5.17
. Friction 3.98 6.51
ESD 0.014 (person
Also one electrical, one charge 0.015)
thermal hot spot and .
three thermal exothermic
cases
Drying Impact 2.79 6.48
Friction 4.01
ESD 0.0084 0.0163
Thermal 384 481
And one electrical case
Washing Impact 2.2
Friction 0.49 0.89
Thermal 465 ’
%nits for stimuli are: Impact - J/m2 x 10:
Friction - w/m” x 10
ESD - joules
Thermal - °C
Impingement - m/s
12
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Table &

Summary of statistical analysis of historical data (concl)

Mean Mean plus one

Process operation Stimulus type

- — s . S L Y

Vi e W A o .

£

-—

o, P

o 9

R stimulus level standard deviation
Maintenance lmpact 4.45 7.63
Friction 1.15 J 2.61
ESD 0.0028 (person
charge 0.015)
Thermal 249 303
Storage Thermal 289 384
Also cwo friction cases
Neutralizing Impact 2.5
Friction 0.292
ESD 12.5
Also one electrical case
Recrystallization Impact 6.8
Friction 4.29 )
Thermal 216 i
Separators Thermal 222
Also one impact and one
friction case
Hoppers Friction 2.03 3.46
ESD 1.26
Also five impact cases
Product pump Impact 8.5
Friction 3.59 4.42
Thermal 250
Screw conveyors Impact 2.5
Friction 0.97
Belt conveyors Friction 0.291
Also one impact case
Filling Impact 3.63 8.27
Friction - 1.8 3.30
" ESD 0.107 0.45
Also one thermal and one
impingement case
Screening 1lmpact 3.11 5.33
Friction 3.4 4.45
ESD 0.0063 0.013 (person
charge 0.015)
Impingement 152
Milli.g Impact 1.20 1.49
Friction 3.22 . 4.50
ESD 0.014 (person

L e it o RS © ate et e Y
e B

Also one adiabatic com-

charge 0.015)

pression and one thermal

case

13

*ar




e .

tmm v -

.o
e e ——

- A4
LRSS

———,
el ——

i Al \‘{-‘J—‘

[+ ¥

ESTIMATES OF INPROCESS STIMULUS ENERGIES
FROM HAZARDS ANALYSIS PEPORTS

In order to cross-reference the stimulus energies ectimated from
the histurical data and to assure that no credible ignition modes were
missed in the historical data, process plant hazards analysis repnrts
readily available at IITRI were vevizswed. The reports from which date
was collected are listsd in Table 5. This 1list does not by an; means
include ail hazards analyses that have been done. A much more compre-
hensive survey of hazards analysis reports is likely to improve the ac=-
curacy of the inprocess stimulus energies estimated by this technique.
The data in the reports was categorized by process operation and sti-
mulus type. Just as was done for the historical data, the mean plus
one standard deviation stimulus level was computed for each category.

In Table 6, the inprocess energies from the historical data and hazards
analysis engineering analyses are summirized. The table shows tlie mean
and mean plus one standard deviation of the ignit‘on energy (or energy
related parameter) in each category. Where comparisons betwveen the his-
torical data and engineering ana'yses could be made, th. values were
generally comparable. Impact was an exception to this. For impact in
"melt pour-casting operation,'" 'wash, mix and hold tanks,” and "product
pumps and valves," the historical data values were significintly lewer
than the engineering analysis energies. This in turn influenced the "all
operations’” category for impact. The friction, ESD, and regionai thermal
stimuli showed generally good agrecment between tl.e historical and en--
gineering analysis values. There was no historical data for the local
thermal, impingement, and intermediate scale impact stimuli, so a com~
parison could not be made in those cases.

The approachk taken in selecting the inprocess potentials''in each
category was the following. A "typical high" value was desired in each
case; therefore the mean plus one standard deviztior (x + 0) values were
used. VWhere oniy one value (historical or engineering analysis) existed,
that value was used, at least as a guide. Where two values existed,
the higher value was used, unless it was suspicious foi1 some reason.
Where no value existed for a specific process operation, th2 "all opera-
tions'" value was used. In some cases, these criteria were cverridden.
For example, in cases where an ungrounded person cani be pres»nt, the
electrostatic discharge energy from the person will be about 17 milli-
joules and the inprocess potential should be at least that value. Like-
wise, in arecas wherec welding could occur (either as & gross hwnan error
or as an accepted practice) local hot spots from welding sparks should
be on the order of about 1000°C (cooled from molten steel at 1493°C).
Therefore 1000°C is the minimum value that should be used.

After several iterations using this approach, combining similar
categories to increasc the data bases for the statistical analyses, and
filling in voids using values derived for similar categories, the in-
process potential energies given in Table 7 were arrived at. It is felt

~
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. List of hazards analysis reports surveyed

Petino, G. J.

Petino, G. J.

Kristoff, F. T.
J. beGiovanni

Albaugh, L. ﬁ.
Hunt, R. G.
Walker, W. L.

DeGiovanni, J.
Smith, D.

Carmack, Sam A.
Hansard, H.B. ITI

Asburg, R. L.
Evans. J. L.
Ragland, R. S.

Morita D. R.
Pape, R.

Pape, R.
Joyce, R.

Table 5

"Engineering Analysis of Equipment and Identification
at Hazardous Areas in the "L", "K" and "N" buildings
Phase II Task II Report Hazards Research Corp. June

1975.

"Engineering Analysis of Equipment and Identification
of Hazardous Areas in the "I'" Building" Phase 11
Task T Report Arpil 1974,

"A Hazardstnnlysis‘study of the continous TNT
Manufacturing Plant" Radford Army Ammunition

Plant Hercules, Inc. May 1971.

"Hazard Evaluation of the Sunflower Second Generation
Mechanized Roll Complex Allegany Ballistics Labora-
tory, Hercules, Inc. July 1973.

"Hazards study of the continous TNT Manufacturing

Plant Extension of PE-243 (General Support)

Picatiuny Arseral Radford Army Ammunit
Radford, Va. October 1, 1973.

"Hazards Analysis of a Centrifugal Pump” Hercules

fon Plant

Inc. Allegany Ballistics Laboratory for Holston

Defense Corporation November 1971.

"Hazards Analysis of the Prototype Continuous
Filtration and Wash Process at Building E-1
Holston Defense Corporation Development and

"Hazard Analysis .and Safety Evaluation of Propellant
Manufacturing Porcesses', Final Engineering Report
on Production Enginecring Project PE-406, Radford

‘Control Report No 75-0016 May 1975.

Army Ammunition Plant Hercules Inc. Radford,
VA July 1977.

"Hlazards Analysis of the Final Design of the Improved
Black Powder Process' IITRI Final Report J6329, For
ICI United States, December 1975

"Flectrostatic Hazards Analysis of a Powder Handling

facility "ITITRI Final Report 8277, April 1977.

15

o '3

T I:\' ]




e Axg

UOTIRIAYP paEpUEIS i

2uo snid UBIW - C 4 X
ar(eA UBI = X Koy
oOA x 81 g0l > 9°¢ mou L XA mOA x 89°7 oou x (92 no~ X 18'9 qoﬁ X 97°¢L o0l X 18 € suotielado 1iv (2
mo~ X 92°9 mo~ xX9°g co~ X g8y qo“ LI 4 13QqGniId3 313y ‘97
nou X GG no~ X (8°1 mOA X 62w Q0T X (lE'C QO X 12 nOu L A} no~ X %€ neu X n'g gurulyary ¢y
g0 X T'T GO1 X 9lg 0L % €°¢ g0l * 8°1 gOT X 9°¢ 0T X "1 01 X £2°§ ,01 X €9°€ (42Q) BuT[T14/Butleddeg w7
mo~ x 20°% aoﬁ x [S°1 mOA x 16°9 meu X 86°¢ 401 * §0°1 QT X 6071 GOT X L176 0T X §9°f $UOTILIIZQ X3K ITAK-XTH (2
no~ XL ~o~ x Tl no~ x 9¢°2 ¢UT X 9672 2124093y
udatog “suolIe[11381q ‘2 i
No~ xX g8y no~ xz'2 Jajetqd 119§ ‘unaq 2axneid 1z
oou x1°¢ oo~ x (12 oo~ x 61 ¢01 X 876 1393113 0¢
. % 5 . = . . . ) T
moﬁ x 9z2°1 mo~ 65°¢€ mOA X I7'9 moﬁ 65°¢ oou X9 ocﬂ X 9172 qou X 68 501 w S8 maEMM>MMMvw”M - :
$103E2RCGAS TPZT37A3U9D R !
sdoivavdag aijeesy (1 ,
mo~ LIS A4 mOA x G692 »OA X 68°0 ncﬂ X 6%°0 oo~ x1°2 nOa X 676 ¢0a X2 qou X 2°2 mxcu$xwwomnmmm " A
mo~ X 7¢°¢ ¢o~ x 821 mou x (IS5 0 mo~ x gle 0 oo~ X 9¢ 7 401 %281 S$3033vag ¢} Wﬁ
I.-....A.\ .\u ‘.n
mOA x 0i { TrIss mo~ % ¢'Z mou x62 QU1 ¥ 21 Ul X 8 1 qoﬂ X656 67 R 119 YUTIsRY CInod Ilap (1 .Mm mﬁ
mou x 98°7 NOA X Ll7°6 01 X 10'7 meu X 10°% qou x 9 ¢ oU1 X 61 LO1 X 4979 L0 % 6272 1arn1g 71
NOA X 9% G NOA x 151 qoa X 80 € qe~ X 8571 wnag yoieg
4 ‘Buliec) ‘Bujzeln (1
. g0T ¥ §77 01 % zZ°¢ L01 % 8% T L01 % 21 ST1Is 701
mOA x [0 € g0l X 8971 S0 X 1 S0l % 1 duriioy ‘uolsnrixy -
mo~ X 1%7°S moﬂ X 99'¢ qeﬂ X 9/ 9 qu X ng ¢ “uyssazg g
nou X L' nOu x €1°2 wo~ X 697" moa X 9°¢ qo~ X €€ S qoﬂ X 11°¢ Yutulaadg 4
no~ * {19 nOu x 27°1 qoa x 291 moﬂ X [1°§ SUlg 210l 9
901 x 6Ll oou x 901 moa X 99°¢ mo~ X0 2 o (3] s13dGol ¢
noﬁ x 80°1 oo~ X G'n oo~ x1°c (01 * L7t SWIISAS DIIBLNIUY 9 .
mou X [6°0- mOA X [6°0 qo~ X &'z #ou.x $2 S10£dAUO) MALId§ ‘¢
501 X 29°7 01 ¥ 29 % §3043Au0) Iaddong ¢ H
noﬁ X 76°9 noﬁ X 87°2 noA x 67 no~ x 62 cOA X (1e qc. x 21 §104AAUOY 119g 1|
o+ X & Omt X X b+ X % 6+ X X
‘1euw 3uy 1e2130351H *{eue ‘3uz 1®¥213038TH uotieaado ssasoxy
Ne A) uo0laIdT; Jufqqny Aws\ﬁv oeda} (es0] 3 A

A1euv 3ut299uj2ud yam ®ITp 3uapIdO® [WIF10IstY jO uosjawdwo)
9 21901




8y €712
<08

i1 < 08

€y €9

887 R88'Y

92 0z

e e

‘ €10 Z11°0

i Aw 821 8°¢(
S 9 S

Ltrs w17

£z 8"

!
6%°¢" 6% S

(%4
09

081
921

007
LLe

7€l
/YZ

e

971
09

081
(28

kA

‘841

09

(14l
877

(e

0sZ

(243
(244

<9y
(184

€z
18%

0sZ

444
(244

$9%
61¢

1244
v8e

91

TL0T 89l

m.°~ L A4

10T 8%

it [42¢

T+ X X o +x X

. -1eue -3uj

U o X

X

‘qeuz -3ug -(eUE -3u3

v o+ X

X

127403181}

o X X

teue -3uj

(>a3s/a)
1oedw} atess
ajejpauaajuy

(338 /u)
juawaduypdug

2.)

Tewiayl leuoiday

(3.) teazayl
18201

WY

>
62°0

L10°0

9600°0
$%0°0

900°0
$0% 0
711

€00

C**

‘{eue

4730

¢-01 X %77

62°0
9110°0

Ley

92°0
$7°0

210°0

$°0

1500°0 €910°0

.220°0

520070
801°0
LA %

*8ug

%10°0

€10°0

92’1

B

18733038 TH

(satno() as3

suotivaado 1(v

32QQnass 13M
92°0 Bujuyd ey
L01°C (A2g} Buir1id/3uiBexndeq
910 0 suojie3adp XIW ITAH-XIK

K13A033y
JUIATOS ‘SUOTIVTTIISIT

1a%e1d 2128 ‘wnag 2axeld
$123114

saATEp pue
sdung 3snpoayg

s103eaewdas (e3njyaaua)
saoavaedas Aajaean

sjuel PIOH pue

TXTH ‘ysep

$3032e3y

sainyy

s 0 Sujase) ‘anod 213K
%800°0 aakaq

wnag yo3eg
*guyieo) ‘Buizels

STTIKW
3uprroy ‘uorsnaixy
duyssaxyg

90°1

%1070

Sujuaaaog

sujg 210l

saaddoy

swalIsAs djaewmauyd

£€900°C
97°1
SI0A3AUOD M2IDS

$104A3AU0D 33)dng
81049AU0) 3139

X

uoyivaado ssadoay

(13u03) s}sAeue ¥u1322uj3ud YaIjm BIEP TUIPIIIE [EIFI03ISFY 3O uos{iedwod
9 31qel

e
‘92
14
e
i ¥

‘T
‘1z
0z

61

L1

91
"¢l
71
A
21

R
01

o

17

Ty P TEOEWY

P PN A

W Yy LT GIAG Dt el S TSI N

",



VN E L(10°0 woﬁ x97°9 209 qoaxw..w
0001 €81 01 wOa xGT'y VN qoﬁ X1°¢
0001 .. €81 01 oo~x 1°T ot 01 x9°¢
00CT e7¢l L{10°0 - woa XG6*9 VN qoa xg°S

VN € L{10°0 moﬁ XLt VN mOa X9°¢
0001 81 L10°0 wOA X6y 0T QOa xg°6

VN £00C L10°0 woﬁ X6'Y VN Qoa x€£°s
TL01 glcl VN OOauhoN.ﬁ x4 ooﬁ Xyl

VN B (100 mo.H X0'T VN oOonJ

VN e {100 woa X6y VN coﬁ xg's

VN e (100 wbﬁ X498°T VN ooﬁ x4ty

VN Terdads L10°0 QI XE"S VN QoI xvy
0001 001 L10°0 woﬁ X6y 201 qoﬁ xg'g
0001 et L10°0 wo~ X6y VN oo~ X4’y
0001 el€7 L1070 woﬁ X6°Y o1 qoﬁ Xe's
0001 00T S%0°0 wcﬁ X6y o1 qoﬁ.xm.m
00¢ €81 VN wOaxm.q ot «oaxm.m
000t g0v¢ L10°0 woﬁ X6y VN qu X9.°9
0001 . 00T L1070 wOA X6y S qu X9.°9
(A 001 0'1 wOa x6°y ot qOA Xe's
0001 oot ozt wOaxo..N o1 qoﬁ xS
000T 00T o'zt wOA X6y o1 qOA ]

VN oot 0’1 moﬁ X1°1 el ooﬁ X0°T

J 007 001 L10°0 woﬁ X6y o1 coﬁ Xe's
0001 £81 L{10°'0 woﬁ X6y o1 QOa Xe's
0001 £81 £0°0 wOa X6y o1 QOa Xe'S
9,) 9,) (6 S (s /) R

Teuwlayl Tewiaysl uotatudy @53 uoFIoraj  uawdduydug 3oedut
1E201 Teuotday 3urqqny 1e201

sa13aaua eriuajod ssaooadul

L 21921

juadzad Q07 + SUoTiIFpuod Suyzeaado um:m

23qqnads 33y

Sutuyyoey

(£1p) Burirl3z/Surdeyded
suolieaado XTu ITIU~XTH
K12A0D21 JUdATOS ‘SUOTIBITIIISIA
aae13 ITeq ‘wnap aneld

521937174

saatea pue sdund 3dnpoiagd
sio3jrvaedas [e3njriiua)
siojeaedas L3ijaean

s)uel pIoy pue Xxju ‘ysem

s1020e3Yy
sa3ny)

Sujpased ‘anod-31(oR

aafag

unap yds3ieq ‘Surieod ‘SujzelH

STTIH

8urytoa ‘ucysniaixy

8utssaayg

Sutuaaass

: sulq 210]

si1addoy

swaisAs odyjeunaugd
S10A0AUO0D MD1DS
s1043AuU0d 32)Ong

: sa10kaAauod 31929

uoy3eaado
ssadoid
ad4a
. snThuIls

‘9z
Y
24
‘€T
"It

‘1z

‘0T
‘61
81
At
‘91
‘st

‘w1
Ll

18

s

-s]i"'

i
~g

+

...,""

e

N P e et v S

~ g



. A N WoEe e A,

that this list should be carefully scrutinized. It is based on somewhat
weak data. For example, the statistical analysis of historical data
only roughly sets a lower bound for the inprocess stimulus energies and
many of the hazards analysis values might be considered "back of the en-
velope" estimates. Many process operation--stimulus type categories had
no entries and a rough estimate or extrapolation from another category
had to be made. As wtll be seen later, these values are quite important
in the sensitivity portion of the classification procedure. The sensi-
tivity class is assigned bised on a safety factor, SF, defined

Sensitivity Test Energy

oFTE Inprocess Energy

The denominator is obtained from Table 7, so a misleading entry in Table
7 can wrongly classify the sensitivity of the material. Fortunately,
the major classification (NATO-Uif type) is based on the effects testing,
not sensitivity testing. The sensitivity evaluation is merely used as
an indicator of the urgency of piroviding the safety features defined by
the effects evaluation.

Not all stimuli are expected to be a problem for each of the pro-
cess operations listed in Table 7. In the final procedure, a table is
provided showing which sensitivity tests must be done for materials in
each process operation. The tests required for each process operation
were chosen by asking, "what initiation stimuli are credible and must
be considered for this operation?”" A table was developed in this way
with the background gained from the historical data and hazards analysis
reports. The table is presented in Appendix C. This was used to select
those sensitivity tests which make semse for each of the process opera-
tions consiaered.
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~ SURVEY OF EXISTING TESTS

~
~

To determine what te®®nethods are already available and possibly
useful in classifying inprocess materials, a survey of past and existing
tests was conducted. A tremendous varilety of test methods exists, Each
laboratory has its own special purpose tests and versions of the mcre
standard tests. This survey of test methods was certainly not all in-
clusive, but should be representative of tests with potential useful-
ness to this hazards classification application. The reports listed in
Table 8 were surveyed. The tests which were uncovered will be summarized
for each general type of test. Appendix B (extracted from Reference 2)
provides descriptions of many of the tests discussed in this section.

Small Scale Impact

This category of tests must evaluate the likelihood of initiation
of the sample material to a localized impact stimulus such as from a
dropped tool, a person hammering, a dropped cover, an agitator impact,
a part failure during operation, a person chipping off residue, etc. A
variety of drop weight impact mechines exists. These include versions
developed at the Bureau of Mines (BuMines), Naval Ordnance Laboratory
(NOL), Los Alamos (LASL), Naval Weapons Center (previously NOTS), Pica-
tinny Arsenal (PA), Bureau of Explosives (BuE) and Lawrence Radiation
Laboratory (LRL). Variations in the machines include:

e unconfined sample versus sample in a cup

e smooth surface versus surface with grit

e direct impact versus impact through a striker/plunger

e matched drop weight to striker weight versus small striker
e different materials of construction

e various methods of preparing the sample

e results in terms of drop height versus other recording

techniques.

Other localized impact tests include a small scale "flying' plate im-
pact test (e.g., Table 8, Source 8-23), the bullet impact test (Table 8,
%L -ce 8~2), the LASL large scale (SPIGOT) impact test (Table 8, Source
8-3) and the thin film propagation test.

When deciding which local impact test has most promise for hazards
ciassification of inprocess materials, several requirements of the test
wore set. Firet, the apparatus must be capable of applying an impact
stimulus which is a reasonable full scale simulation of actual localized
impact situations. This means that the test impact area should be on
the order of the impact areas produced by the cases listed above (drop-
ped tool, etc.) and the apparatus’ maximum impact energy per unit area

20



Table 8

Reports surveyed for hazards classification tests

8-2

8-3

8-4

8-5

8-6

8-8

8-9

8-10

8-11

8-12
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Schwartz, A. C., "Flyer Plate Performance and the Initiation of
Insensitive Explosives by Flyer Plate Impact,“ SAND 75-0461,
Sandia Laboratories, December 1975. .

"Safety Performance Tests for Qualification of Explosives," NAVORD

OD 44811, Volume 1, Naval Ordnance Systems Command, 1 January 1972.

Walker, G. R. (ed), "The Technical Cooperation Program, Manual of
Sensitiveness Tests," Canadian Armament Research and Development
Establishment, February 1966.

Dorough, G. D., et al., "The SUSAN Test for Evaluating the Impact
Safety of Explosive Materials,” UCRL 7394, University of Califor-
nia, Livermore, August 1965. !

King, P. V. and A. H. Lasseigne, "Hazard Classification of Explo-
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should be at leact as high as the maximum lzvel listed in Table 7.
Second, the .sample should be in the same physical form as it exists in
the actual process. It should not be modified for the test. Third,
impact should be againseda rigid anvil so that the stimulus can be clear-
ly defined. Other considerations such as the existence of grit could
also be important but have not been addressed in this study. These cri-
teria can be met fairly easily by modifying almost any of the drep weight
machines or by using a modified version of the flying plate impact test.
IITRI has three types of drop weight machines. A machine based on the
Bureau of Mines design was determined to be able to produce the impact
energies per unlt area listed in Table 7. Tt was decided to modify this
machine for the local impact testing. Reference 4 presents an experi-
mental evaluation of the effect of varying the ratio of the drop weight
to the intermediate weight for rigid samples (essentially impact into a
rigid surface). It was concluded in Reference 4 that the most effective
transfer of energy to the sample is achieved with matched (equal mass)
drop weight and intermediate weight. Since most inprocess materials
(unmodified) are "soft' samples, we conducted an experimental evaluation
to determine if the same was true for "soft" samples. As will be pre-
sented later, it was found that for "soft" samples a better transfer of
energy will occur if the intermediate weight is small compared to the
drop weight. Besides modifying or removing the intermediate weight, the
thrust of our experimental evaluation cf the local impact test concen-
tratec on developing one or more sample holders which most realistically
represent local impact onto sample materials in the form that they exist
in the actual process. In thics sense, the local impact test becomes

a simulation of the real impact scenario rather than a comparison of

the chemical composition's impact sensitivity when the samples are pre-
pared (generally modified) to all have the same physical form.

Impingement

The impingement test is to evaluate the material’'s sensitivity to
particle-particle and particle-wall impacts in pneumatic conveying sys-
tems, cyclone separations, jet mills, etc.. It also considers ignition
sensitivity of particles falling from one process vessel into another.
Free fall and propelled impingement tests are described in Source 8-1.
In the propelled impingement test, the sample is injected into a moving
air stream. The air carries the sample at some measured velocity onto
a target plate. In the free fall test, the sample is dropped from a
known height onto a horizontal or angled target plate. In both cases,
light flashes and noise are used to indicate positive reactions. These
tests are judged to be realistic simulations of the actual inprocess
stimulus and are suitable as they presently exist for hazards classifi-
cation of inprocess materials.

Container Penetration Tests

These tests simulate the penetration 7 a container by a rod like
protrusion, for example a fork lift penetrating a process vessel. The
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NOTS and NWL large scale impact tests (Table 8, Source 8-3) both involve
a line of three rod protrusions attached to a drop weight dropped onto

a cylindrical container laying on its side. It is felt that the likely
ignition mode in these tests is the production of hot metal fragments.
The production of such hot metal fragments is probably adequately re-
presented by a thermal test. The container penetration tests realisti-
cally simulates only one type of accident scenario (vessel penetration)
and will not be considered further in this study.

Regional Impact

This type of test is to evaluate the sensitivity of a material to
impact over an area (essentially one-dimensional impact). This is re-
presentative of a container filled with energetic material dropped on
its side, or overdesign operation of a hammer mill breaking up large
chunks of material. A pass-fail form of this type of test is the 40
foot drop test (Table 8, Source 8-3). The bottle drop test or a more
generalized version (container drop test) is a similar type of test.

The large scale flyer plate (Table 8, Source 8-1) and the SUSAN tests
(Table 8, Sources 8-2 and 8-4) can be uszed to evaluate this stimulus
type in a more controlled manner. In our initial evaluation, the flyer
plate test was selected as most appropriate for hazards classification.
Since SUSAN test results can be correlated quite well to flyer plate
results, the 3USAN test would also be acceptable. However, when looking
at Table 7, under the Flyer Plate heading, it is seen that the inprocess
impact velocities are qulte low (10 and 20 m/s). It is quite unlikely
that any samples would be initiated at such low velocities, and resional
impact was eliminated from the list of credible igaition stimuli.

Sensitivity to Shock Wave

Several tests are designed to evaluate a materials sensitivity to
pressure wave initiation. The different gap tests (e.g., card gap) are
well suited for this purpose. The wedge test (Table 8, Source 8-2) also

_provides a good technique for evaluating the sensitivity of a material

by exposure to a shock wave. Flyer plate and SUSAN tests can also be
used to evaluate ignition by a shock wave.

In developing the hazard classification procedure it became clear
that all possible hazard scenarios could not be addressed without mak-
ing the procedure too complex to be practical. Limitations of the pro-
cedure's applicability had to be defined. Concerning the sensitivity
evaluation, two general categories of ignition modes exist. The first
category includes ignitions which originate in the process material be-
ing evaluated, i.e., not due to an initiation which originates else-
where such as in an adjacent process vessel. Ignitions originating in
the process vessel being evaluated are considered “primary" ignition
modes. The second category of ignition modes, those originating else-
where, are denoted "secondary' ignition modes. The process material
where the ignition originated is the one that is responsible for
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initiation, not the process material being evaluated. For this reason,
secondary ignition modes such as by shock wave, by fragment impact, by

fire brands, by massive flame impingement, etc., were excluded from the
sensitivity evaluation.

Small Fragment Impact

A number of tests have been designed which characterize ignition
by small fragments or bullet type projectiles. These include the small
scale flying plate impact test {e.g., Ref. 6) and the bullet impact test
(Table 8, Source 8-2). As with the shock sensitivity tests, the small

fragment impact tests characterize a secondary initfation mode and will
not be considered further.

Rubbing Friction Tests

Many tvpes of tests have been used to evaluate the friction initia-
tion sensitivity of energetic materials. 1In the literature reviewed for
this program, five general types of friction tests could be identified.
These are (1) the sliding strip and sliding block tests, (2) the pendu-
lum tests, (3) the bowl type rotary friction tests, (4) the "pony brake"
type rotary friction tests and (5) the bulk material friction tests.
These tests are illustrated in Figure 2, with positive and negative as-
pects noted. While selecting the most appropriate friction test for
this hazard classification procedure, the following requirements of such
a test were considered to be of prime importance. First, the test must
be able to accomodate a wide variety of material forms (i.e, powders,
liquids, slurries, pastes, strands, etc.). For "fluid" material forms
such as powders, liauids, slurries and pastes, the test should simulate
two materials of construction rubbing across each other in the presence
of the sample. For samples which consist of fairly large individual
pieces sucn as pellets or strands, the sample should be rubbed across a
material of construction's surface. Second, since real friction loads
can be either long or short duration, the test should be able to apply
the frictional load for both long and short durations. Third,
important) the frictional load must be well characterized and quantifi-
able. We assume that frictional ignition is related to a heating pro-~
cess, either very localized or over the contact area. In either case,
the most pertinent parumeter for correlating test data is the power
(energy per time) dissipated per unit contact area. The duration of
the frictional loading is also an important parameter. These parameters
must be measurable in the test. Tests which provide the data which
characterize the power per unit area and duration in a clean way are

clearly the most desirable tests. In addition to the above factors, it

is also desirable that the test be simple, inexpensive and rasily oper-
ated.

(and most

For the devices shown in Figure 2, the following conclusions can
be reached. The sliding strip and sliding block tests are simple and
exist at many organizations. These are important advantages. The major
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disadvantage is that the velocity~time function and frictional load are
not provided by the test. In addition, the test as it exists at most
facilities is only capable of providing very short duration loads. Be-
cause of its simplicity and availability, this type of test was evalu-
ated in the previous project (Ref. 2). It was found difficult to quan-
titatively characterize the friction stimulus and for many material
forms the material had to be altered to acconplish the test. For these
reasons, the test was found to be undesirable. The pendulum tests,
again, are simple but they do not provide the data required to quantify
the frictional loads. The sliding strip, sliding block and pendulum
tests are more suitable to ranking materiais relative to scme standard
rather than finding the power per unit area-time relation for ignition.
The bulk mdaterial test is a type of pendulum test for bulk materiails

and nct applicable to testing most inprocess material forms. The two
rotary friction test concepts are somewhat more complex and costly to
run but are the only tests which cleanly quantify the required parameters
(contact duration and power per unit area in terms of relative velonity
or r.p.m.'s, and frictional force or torque). The ability of the rotary
tests to cleanly provide the required test data, where the other tests
do not, is of major importance. The choice between the two rotary con-
cepts is based entirely on which design can be adapted most easily.
Problems in feeding and collecting dust from powder like samples in the
"pony brake' configuration are considered to be much greater than pro-
blems associated with the bowl arrangement. Therefore the bowl arrange-
ment was selected as the best choice for hazards classification. Thickol
has done work with both rotary machines (Ref. 7) and tle design of the

bowl type rotary machine for this program is based heavily on the Thiokol
apparatus.

Electrostatic Discharge Evaluation

The electrostatic discharge evaluation has two parts. The first
part of the evaluation characterizes the ability of the inprocess mate-
rial to develop electrostatic charge. This is primarily related to the
development of discharges within the sample material itself. The sec-
ond part of the evaluation concerns the initiation sensitivity of the
material to an electrical discharge. The basic technique3s for determin-
ing charging susceptibility have been fairly well developed (Ref. 8).
The technique involves applying an oscillating voltage across the sample
and measuring permittivity and electrical conductivity. The ratio of
permittivity to conductivity is the characteristic charge relaxation
time and is indicative of the material's charging susceptibility. The
only extension of existing methods which was required under the current
program was ro measure these electrical properties for inhomogeneous
materials such as pellets and strands using a large sample holder. Ig-
nition by an electrical discharge in a layer of material is tested by
passing well defined electrical discharges through a layer of the sam-

ple. Vapor or dust cloud ignition is evaluated using a Hartmann or
Bartneckt type apparatus.
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localized Thermal Ignition Tests

Several tests consider the sensitivity to initiation by an intense
localized thermal ignition source such as an incendiary spark produced
by friction, from impact of a foreign material in a mechanical process
operation, from welding, from a cigarette, etc. The hot wire ignite-
ability test (Table 8, Source 8~2) was one viable option for character-

"izing this stimulus type. A second option is to mechanically produce
sparks using a friction wheel 1like a grinder wheel. This technique
exposes the samples to numerous random hot sparks. It is quite diffi-
cult to quantify this stimulu, since many sparks are hitting the saaple
and some locations may be hit several times. Another technique is to
heat well defined tiny metal balls in 2n electrical heater and drep the
balls at a specified temperature ontc the sample material. 7ihis tech-
nique was determined to be most promising and was selected for experi-
mental evaluation in this program.

Regional Thermal Ignition Tests

As the title implies, regional thermal tests evaluate the potential
for initiation of a self sustained propagating exothermic reaction when
the material is heated over a substantial volume. In a process plant,
the material caa be exposed to an elevated temperature in many ways.

A system malfunction or operation error could result in the material in
a heat exchanger type process vessel to be raised to above the design
temperature. This will hzppen if there §s a loss of cooling, loss of
agitation, etc. Material could be spilled or sprayed and exposed to a
hot pump or motor.

Some of the tests which have been used >0 evaluate this stimulus
will be outlined. In the existing document TB 700-2, the copper *lock
test and the self heating test are described. 1In the copper block test
a 0.1 gram solid sample is heated at a controlled rate until ignited.
The self heating test utilizes differential thermal analysis and 'conk-
off tests" to generate the constants in in equation which estimates the
maximum temperature to which a cylinder of a given diameter can be ex-
posed before a runaway chemical reaction will occur. Another cook-off
test determines the lowest temperature at which a 5 milligram scmple
will "flash off" in 10 seconds. In the Wenograd test (also in TB 700-2),
the sample fiils a thin stainless steel tube. The tube is heated using
a capacitor discharge and the samples "explcsion temperature" is deter--
mined. In the Taliani test, also described in TB 700-2, :the sample is
placed in a fixed temperature heating block with rressure and rate of
sressure rise monitored. The vaccuum therinal stability and chemi.al
decomposition test holds the sample at 100°C in one version, 75°C in
another, for at least 48 hours. Reactivity is indicated by gas evolu-
tion wh'cn must not exceed 2 milliliters per gram of sanple drring the
48 hours for acceptance. A test based on the same type of exposure
(75°C {or 48 hours) has be:n conducted by General Electric (fable 8,
Sources 8-5 through 8-7). 1In that test, the sample was packed in a
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tute, wrapped with heating tapes, capped at both ends and insulated.
The elevated temperature exposure was produced using the heating tape.

Yor liquid samples, a variety of tests are described in ASTM stan-
dards. These include the ASTM D2155 autoignition test, the ASTM E136-
65 noncombustibility test for elementary materials, and the ASTM D1929-
68 test for ignition of plastics. These tests were all oriented toward
materials which do not contain cheir own oxidizer and were not considered
general cnough. The most promising tests in terms of simplicity, gener-
ality and availability of equipment at many laboratories were the dif-
ferential thermal analysis (DTA) and differential scanning calorimetry
{DSC). The DSC was experimentally evaluated in the initial projegt and
was found to be suitable for hazards classification of inprocess materials.

In adition to the tests outlined above, a number of thermal tests
have been doreloped which expose the sample to an engulfing fire. These
include the TB 700-2 external heating "Test C'", and the GE ignition and
uticonfined burning test (Table 8, Sources 8-5 through 8-7). Since
these tests assume a fully developed fire already exists the stimulus is
a secondary ignition source and not in line with our philosophy of con-
sidering only primarv ignitions for the sensitivity evaluation.

Crirtical Size Tests

The “critical diameter' test (Table 8, Source 8-2) exposes a sam=-
pla confined in a tube to a flat pressure wave produced by detonating
a condensed explosive at one end of the tube. This test addresses the
question "can the sample propagate a detonation which has already been
established?"” The "critical depth" (layer thickness) test exposes a
layer of sample material to a pressure wave at one end using an explo-
sive booster to determine what thickness the layer must be in order to

_propagate an established detonation. 1In this report, this test will be

referred to as the 'critical layer thickness" test. The wedge test is

a modification of the critical depth test in that the layer thickness
decreases away ﬁrom the explosive initiating charge. The point at which
the reaction ceases gives a very conservative estimate of critical layer
thickness .in that the detonation travels a substantial distance before
it dies out.

In the "critical length" or transitian test. The sample is packed
in a tube and initiated at one end using a flame ignition source. The
test is designed to determine the length required for a flame to transi-
tion into a detonation in a container of a given diameter. A version of
this test designed to simulate material in a hopper type arrangement is
called the critical depth or critical height test (Table 8, Source 8-9).
In this report, we will refer to this type of test as the "tube transi-
tion" test. A parallel test can be. accomplished for a layer of material.
This test will be called the "layer transition" test in this report.

All of the critical size tests were considered to be of potential value
to the hazards classification procedure being developed and all of these
tests, evr~nt *he wedge test, were experimentally evaluated.
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Mass Explosion Tests

To evaluate the effects produced by the detonation of the sample
material, a "mass explosion test" is. required. This type of test must
be capable of evaluating the airblast (primarily) and fireball (secondar-
ily) hazards imposed by the material. This type of test has been widely
used and is commonly known as a TNT equivalency test. The sample is
placed in the field with one or more string of pressure transducers po-
sitioned tc measure the airblast pressure wave as it passes at various
distances. The scaling laws for airblast are well established. To
evaluate the fireball hazard, high speed movie coverage and slug calori-
meters can be used.

The only question in conducting this type of test for hazard classi-
fication is concerned with the configuration in which the sample is
placed. The most realistic configuration would be a scaled model pro-
cess vessel. This generally is the technique used, because it provides
the most realistic answer, and would always be acceptable for hazards
classification if such a test were to be conducted anyway for another
purpose. The problem with a scaled model is that properly scaling the
actual process vessel can be somewhat complex and the actual process
configuration may not be precisely known especially 1if hazard classifica-
tion is done early in the development cyclec of a system. The alterna-
tives are to use a standardized conservative cyclinder, sphere, or hemi-
sphere. The hemisphere represents a fairly simple (one-dimensional) con-
figuration to evaluate and was selected as most promising for hazards
classification.

Fragment Evaluation

Fragments produced by the detonation of a material in a metal com-
tainer are an important part of the overall mass explosion hazard. The
fragment problem can be divided into three parts. First, the initial
velocity must be determined. Next, the fragment size distribution must
be known since the largest fragment has the potential (initial momentum)
to go the farthest. Finally, the potential for damage of a fragment at
a given size and velocity at a target must he characterized. To deter-—
mine initial velocity, the Gurney constant (Ref. 9) can be experimen-
tally determined using a cylinder expansion test (CYLEX) or a plate push
test. To determine the fragment distribution, the fragments can be
caught using sawdust, water, a fiber board barrier, an earth barrier,

a layered cellotex-paper catcher, etc. The fragment ignition problem
is being evaluated under ARRADCOM funding (Ref. 6). Since the airblast
best characterizes the mass explosion hazard, a fragment evaluation was
determined to be not necessary for hazard classification purposes.

Fire Effects

geveral distinct fire hazards related to the process materials
exist in process plants. These will be discussed in more detail later.
With the mass explosion airblast and fragment hazards, a fireball pro-
ducing a radiated thermal pulse provides a third aspect to the total
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mass explosion hazard. «#¥-an open topped vessel containing process
material is ignited, a fire plume may develop over the material, If

the generation of hot gases is substantial enough (abouyt the point at
which the flame impinges on the ceiling), the total heating of combus-
tibles in the enclosure will be sufficient to cause the nearly simultan-
eous ignition of all these materials. This point is generally called
"flashover" in fire research. Even if flashover does not occur, the
radiated heat flux from the flame may be adequate to ignite combustibles
a distance across the room, Finally, if the material exists in the
process in a layer, such as a conveyor or trough, fire .spread along the
layer to the process vessel at the other end is of concern. Many tests
in the past have been done to evaluate the fire spread hazard, to assure
that the detection-deluge system will respond quickly enough. These
have been both small scale and nearly full scale simulations of the ac-
ual system.

Other Hazards

Other hazards not included in the discussion above also could be
of concern in process plants. These include production of firebrands,
toxicity and chemical compatibility. Although such other hazards may
be important, it was decided to limit the scope of the procedure being
developed in order to not overly complicate it. These additional haz-
ards were considered to be beyond the scope of the procedure being de-
veloped.

31

- Wﬁ VT PO AT R
s



TEST EVALUATIONS

The studies described in the previous three sections helped to mold
the structure of the overall hazards classification procedure. In the
procedure, the hazard was seen to consist of two parts: an evaluation
of the materials sensitivity (how likely is an initiation to occur?) and
an evaluation of the consequence oi an initiation. Existing hazard
classification procedures require sensitivity type testing but put the
materials into a consequence related classification. That approach is
not felt to be proper and was uwot followed here.

The sensitivity evaluation is to consist of quantitative sensitivity
tests for stimuli which can exist in the different process operations.
The test results (the materials sensitivities) are then to be compared
to credible inprocess stimuli levels such as those listed in Table 7 in
order to categorize the material's sensitivity hazard. Independently,
an effects evaluation is to be completed in order to characterize the
material's consequence severity. The effects evaluation classifies the
material in categories such as are used in the NATO-UN system.

Based on the survey of test methods, using the historical DDESB
accident report survey, a survey of hazards analysis reports, and a
preliminary formulaticn of the overall procedure as it was envisioned
early in the program, the following tests were selected for an experi-
mental evaluation:

e Local Impact
e Rubbing Friction
e local Thermal
® Regional Thermal
e Electrostatic Discharge
e Critical Diameter
e Critical Laver Thickness
e Tube Transition
e Layer Transition
. e Mass Explosion
e Mass Fire
e TFirespread
These tests were each evaluated using four sample materials. Ml
strands were used to represent an extrusion process; M30 pellets repre-

sents a drying operation; RDX slurry corresponds to a conveying opera-
tion; and M26 paste was from a mixing operaticn.
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The sample materials which were used were all from the previous program.
By the time they were used on this project, they were undouhtedly quite
different from their true inprocess form, For example, solvent concen-
trations were undoubtedly significantly lower than in the actual pro-
cess. Therefore, no attempt was made to realistically classify the ma-
terials. Rather, the samples were used in order to try out the differ-
ent test procedures to assure that the procedures are adaptable to the
variety of material forms which can exist in process operations. In
order to standardize the experimental evaluations, the specimen bulk
densities* were fixed at the following values wherever practical through-
out the testing:

0.829 gm/cm> (0.0299 1b/iv:3)
0.45 gm/cm3 (0.0162 1b/in3%
0.838 gm/cm3 (0.0302 1b/in3)
1.114 gm/em3 (0.0347 1b/in3)

L}

M26 Paste Density

Ml Strands Density
M30 Peilets Density
RDX Slurry Density

NOTE: The RDX was used as received, rather than being mixed
with water to obtain the true inprocess compositiun.

As will be seen in Section 6, the hazard classification procedure
requires several additional fests not expevrimentally evaluated in this
program. These tests include:

e Impingement ignition tests

e Flame ignition test

e Dust/vapor explosion test (Hartman or Bartneckt test)

These were judged to be fairly well established or simple enough not to
require further evaluation under this project.

In the subsections which follow, each of the test methods which were
experimentally evaluated will be discussed, including a description of

the experiments conducted and the test results.

Local Impact Test

The local impact test is to determine the impact energy per unit
area required to initiate the sample material. This st imulus corresponds
to scenarios such as a dropped tool, a person hammering, a dropped cover,

agitator impacts, part failure during operation, a person chipping off
residue, etc.

* Bulk density is equal to the average mass per unit volume of the ma-
terial as it is packed in a container, rather than the density within
the individual grains, pellets, strands, etc.
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The philosophy taken by IITRI on this, as well as all the other
sensitivity tests, was to have the test be essentially a full scale simu-
lation of the actual stggulus. --The sample material should be in the same
form that exists in the real process operation. The inprocess bulk den-
sity should be reproduced., The impact area should be representative of
typical actual local impact situations, In the case of impact area, the
results will depend somewhat on the area selected and a standardized. im-
pact area must be selected. In the impact test, as well as many of the
other sensitivity tests, an attempt was made to have sufficient sample
present, extending beyond the impact area, so that initiation and prop-
agation of the reaction could be used as the criteria for a positive
result. This is important in that we really do not care if a nonprop-
agating reaction occurs (e.g., only discoloration, gas evolution, slight
burn, etc.). The reaction must be initiated and be able to propagate
into the surrounding material for it to be significant.

IITRI has three types of impact machines which could be used for
this evaluation. The machine with the highest potencial drop height
was selected so that the inprocess energies given in Table 7 (up to
4.4 x 100 j/m2) could be achieved. In actuality, the maximum energy
per unit area achieveable with the machine was ultimately slightly be-
low 4.4 x 106 j/m (it was 3.97 x 106 J/m ), but the machine's poten-
tial was well above what was needed for any of the four sample materials
being evaluated.

In the present project, the machine was modified in three respects.
First, an optical velocity sensor was positioned near the bottom of the
drop in order to assure the proper impact energy was used to correlate
the data. This was done because significant energy losses during the
drop were suspected.

Figure 3 shows the actual impact velocity compared to the measured
velocity. It is clear that significant energy losses occur. The ex-
treme losses are probably due to some poor design features inherent in
the particular IITRI machine design, however, it is likely that any ma-
chine will have some losses. The different losses between machines
could in part account for poor correlation of drop weight impact test
results between different machines. It is suggested that velocity at
impact be measured and kinetic energy (based on the actual velocity) per
unit impact area be used to correlate the data.

The second machine modification was to remove the intermediate
weight, which is a basic part of the Bureau of Mines design. Work at
the Bureau of Mines (Ref. 10 and 11) showed that the best arrangement
for transferring drop weight energy to the sample most efficiently in
a single pulse with a minimum of oscillation, is to use an intermediate
weight of equal mass as the drop weight. That work was done specifically
for pressed samples, so that the impact was essentially onto a rigid
surface. Since most inprocess materials are softer targets, it was de-
cided to evaluate the effect of the intermediate weight on
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transferring energy to a series of soft targets,
board and lead were ‘used. The ratio of inte
‘weight, R, was varied from 0.458 to 0,104.
in Figure 4.

Neoprene, hard card-
mediate weight to drop
The results are presented

In the figure, force-time profiles (oscilloscope traces) are shown
for a quartz force transducer mounted beneath the samples indicated.
Going down each column, decreasing the ratio R, the force time profiles
appear to be getting less oscillatory, forming a single pulse. Al-
though the pulses are still not very clean, it appears that the best
pulses are with the smallest internediate weéights. 1In addition, with
a very small rigid intermediate weight (striker pin), the transfer of .
energy should be most efficient. The small striker pin arrangement also
was most convenient for the sample holder designs which were evolving.

The third machine modification was to design one or more sample
holder which could be used to simulate impact onto the inprocess ma-
terials as they exist in the actual process operations.
holders originally designed arc shown in Figure 5.
used for impact within a bulk of material.
the impact location was there to show
propagate. It was found that the original type 1 holder was too large.
A test with about 5 grams of the RDX sample resulted in a detonation
totally destroying the sample holder and damaging the drop weight. In
order to preserve the concept behind the type 1 holder (to be able to

observe initiation as well as propagation) but use a smaller totally
expendible holder, the design shown in Figure 6 was used.

The sample
Type 1 was to be
The material surrounding
the ability of the reaction to

The type 2 sample holder was found to be best for impact onto
strands or pellets. The type 3 saaple holder was designed after the
adiabatic compression test of Reference 12. This sample holder
is probably a good technique for testing liquid samples, particularly
when comparing the sensitivity of liquids to the adiabatic compres-
sion stimulus of some reference naterial. In the context of the hazard
classification procedure being developed, in which the test energy is
to be compared to the inprocess energy, the meaning of the adiabatic
compression test results could not be interpreted. It was decided to
use the type 1 sample holder for liquid samples, since the stimulus
could be put in terms of a well defined energy or power per unit area.

The Bruceton techni
ability of initiation po
are summarized below:

que* was used for obtaining the 50 percent prob-
int for each sample material. The test results

* The test sequences generally inciuded less than tcn tests, thercfore
the estimated 50 percent point in each case is approximate.
36
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Fig 4 Force-time traces of various ratios of intermediate mass
to impact mass
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Cup
(0.7} cm (9/32 in.) tall x
1.265 + 0.013 cm (0.498
+ 0.005 in.) I.D. x
1.43 cm (9/16 in.) 0.D.
with a 0.04 cm (1/64 in.)
thick bottom)

Striker pin

Sample

f/c /\\\\\___
Anvil

Impact pin

—.-1 |—-— cm (1/8 in.) dia

Heat treated in atmosphere rJ =,

controlled furnace to attain

maximum depth of case and l l

tempered to R 50 to 55.

Liquid honed.® 1.250-0.013 cm
(0.492-0.005 1n.) dia

"~ 0.16 cm (1/16 in.)

)
?

Fig 6 Modified type 1 sample holder
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= Inprocess
s Energy From. Sensitivity
Sample Table 7 Test Energy Safety

Material @@ (1/m2) (§/m2) Factor
Ml Strands 6.76 x 10°  >3.14 x 106 >46
M30 Pellets 5.3 x 10%  >4,45 x 105 >8.5
M26 Paste 5.2 x 104 6.92 x 10° 13
RDX Slurry 5.3 x 10% 1.5 x 108 36
Nitromethare with ' 6
5% Ethylenediamine ——— >3.97 x 10" —-—

by Volume

The Safety Factor is the ratio of the 50 percent probability «

nergy per
unit area obtained from the test to the inprocess energy (from Table 7).
The safety factor i{s used to indicate whether or not the stimulus being

evaluated (impact in this case) is expected to be a problem i
ticular process operatfon. The "cutoff" valve for the Safety Factor is

taken to be 3. For all the samples tested, the rafety factor is well
above 3 and impact is not expected to be a major problem.

n the par-

Rubbing Friction Test

The rubbing friction test simulates initiation caused by two solid
materials rubbing across each other. When the sample material being
evaluated has fairly large individual pieces, such as chunks .f material,
pellets, or strands, the friction is between the sample materfal and an
appropriate material of construction (e.g., steel represent ing the pro-
cess vessel's wall). 1If the sample material is of a fairly fluid form,
such as a fine powder, a slurry, a paste, or a liquid, the friztion is
between two materials of construction in the presence of the sample ma-
terial. The sample may act as a lubricant in these cases. In either
situation, initiation is expected to correlate adequately with energy
deposition per unit time over a properly defined frictional contact
area (i.e., power per unit area--watts per square meter). This trans-
lates into a rise in the temperature of the sample.

is high enough over a large enough volume of material
propagation will result.

If the temperature
. ignitipn and

As discussed in Section 4, there are many types of friction tests
which have een used. 1In the previous program (Ref. 2), the strip fric-
tion technique was evaluated. This is illustrated in Figure 7. The '
strip friction apparatus has the advantage of simplicity and availabilicy
at many laboratories, however, it has two important disadvantages. First,
the power dissipated per unit contact area is somewhat difficult to quanti-
fy in the test. The power dissipated varies with time and different his-
tories are certain to influence the results. Second, in many cases, the
sample must be significantly altered from its inprocess form in order to

accomplish the test. This second problem is quite important and makes the
strip friction test unacceptable for our purposes.
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3 KG FALLING WEIGHT
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Fig 7 Strip friction test
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After comparing the good and bad pofsts of the different friction
tests, the rotary friction concept based sn one of Thiokol's designs
(R:f. 7) was selected as the most promisizg. Thiokol’s test arrangements
are shown in Figure 8 and the apparatus uzed for thisg project is illus-
trated in Figure 9. The apparatus used for this project was merely to
verify that the rubbing friction evaluzticn can be acconplished adequately
using the rotary friction test concept. There is no question that the
design used for this evaluation can be izproved upon significantly.

As showm in Figure 9, a d.c, motor rozstes the contact poiats over a
steel plate. The contact points are tws steel balls for powder or fluid
samples, or two sample pieces for pellets, strands, etc. The steel plate
represents the artual process material of constructicnm and should be replaced
by a realistic material of construction with a realfstic surface finish if
the process surface is not adequately represented by the steel plate. The

steel plate is grooved as shown for tests on fluid saaples. A torgue sensor,

which also measures revolutions per seconi, 18 fixed to the shaft between

the pulley wheel driven by the d.c. motor and the comtact points. Revolu-
tions per second can be converted into tasgential velocity by the formula

V = nDf

where D {s the distance between contact points and f is the measured
revolutions rer second.

Torque i3 given directly from the senscr 2nd can be converted into fric-
tional force rer cr-tact point (2 contsct points exist) by the formula:

F = D where T {s the measured torque.

The power dissipated per contact point fs then

P =FV=afT

We are interested in power dissipated ger unit area of contact. The
contact area can be estimated from the following equation (Ref. 13):

Ac = raz where
2 Al
a=0.721 Ypd (1"’1 + 1-0)2 )
El EZ

In the formula, P {s the normal force 2pplied to the ball. If the lever
arm arrangement between the weight and the contact section is balanced
and frictfonless, P is merely the weizht ¢£ivided by two since there are

two contact points. In the formula, 71 #=d v, are Poissoa's ratios for
the balls and the contact surface respectively; E; and E» are the nmoduli
of elasticity for the balls and surface resvectively.
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(A)

DIRECTION

OF ROTATION
SAMPLE

O E
L.

12-IN. BOWL, VERTICAI. SCRAPER

DIKEC TION OF (B
ROTATION

FORCE

- ——e

SAMDLE |

12-IN. BOWL, HORIZONTAL SCRAPER
(&)

Fig 8 Thiokol's rotary friction test
(from Ref 7)
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Combining the above equations gives an expression for frictional
power per unit contact “4®ea:

)
n

sample contact radius, for in homogene-
ous samples such as pellets

7 V.2 4
0.721 Ypa [ 11 Py
El Ez

with

Y
n

for homogeneous samples such as powders,
slurries, pastes and liquids

Using the apparatus shown in Figure 9, tests were conducted on the
four sample materials. Thetests which were accomplished are listed in
Table 9. Ignition was not observed in any case tested. Several signifi-
cant observations were mide during the tests. First, for pellets and
strands, it was found that due to the large frictional contact area, power
per unit area was always orders of magnitude below the inprocess values
listed in Table 7. The sample merely fajled structurally producing numer-
ous "shavings". Based on this result, it appears that in the actual pro-
cess a pellet or strand would first fail structurally and then the shavings
produced would get into moving parts and be acted upon. Therefore, the

samples were retested in the failed form using the steel balls and higher
loads.

Second, it was found that the steel balls wear down very quickly
during the test. In terms of frictional power per unit area, there is an
initial very high load but the load drops to a much lower steady value be-
cause of the greatly increcased frictional contact area. If this high ini-
tial peak dominates the initiation process, the sliding block mav end up
being just as realistic as the rotary concept, that is if the frictional
force versus time relation could be quantified in the sliding block ma-
chines. The simpler device would naturally be the more desirable in that
case and further work in this area to quantify the stimulus produced by
the sliding block machine could be quite worthwhile.

Third, the steel balls and anvil surface deteriorated significantly.
during the tests. New balls were used for each test and the anvil's sur-
face was refinished .« 3sing number 200 emery paper after each test. Never-
theless, the anvil's iurface was badly worn at the end of each set of
tests and had to be remachined twice during the series. It is therefore
suggested that the anvil be designed with a replaceable top plate to con-
tact the steel balls. The top plate should be given a Rockwell € hardness
of 60, and it should be replaced when significant wear becomes evident.
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Test

M30-1
H30-2
M3)0-3
H30-4
M30-5
M30-6
M30-7
M30-8
M30-9
M30-10
N30-11

N30-12

M1-5
N1-6
Nl-7
M1-8
Mi-9

N1-10

RDX-2
RDX-3

RDY-4

Sample material

H3O Pellets

M30 ahredded

Ml Strand<

]

shredded

MIn pacte

RDX Slurry

"Pruhably metal <parba

Table 9

Rubbing fraction teata conducte !

Total

oresl force (kg)

Measured  Meagured torque

1s

16

p= (N-a
11 .
9 : 0.97
2t 0.97

425(eatinated) -

8ss 0.7
139 -
362 0.18
7N | -
73 0.13
L 23} 0.14
1695 .11
1639 0.1
160 0.2-0.26
361 0.15-0.33
543 0.18
740 0.19
L 2e ) 0.33
[ 34 0.16
w7 0.13
427 0.13
699 0.2
%1} 0.17-2,9
1562 0.095
1666 0.085
177 -
150 0.13
ADQ 0.7s
18en 6.1
1600 0.0%
1612 0.n2
69 o.m
172 0.1y
1587 0.04
1962 0.0
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Thermal Tests

Two types of thermal tests have been considered in the development
of the hazards classification procedure. These are the local hot spot
test and the regional thermal test. Before discussing these tests spe-
cifically, some background cn thermal initiation problems will be pre-
sented. Three basic types of thermal initiation problems can be identi-
fied. These are illustrated in Figure 10 and discussed below.

External Oxidizer Required

The first type of problem is where the fuel does not carry its own
oxidizer. This includes open pools of flammable liquids such as hydro-
carbon fuels, materials soaked in a volatile solvent, and situations in-
volving a flammable gas-air mixture such as a leaking distillation tower.
Ignition in this situvation can occur in one of two ways: (1) an intense
extemal ignition source (e.g.. flame or spark) is inserted into a flam-
mable fuel-air mixture or (2) the material is heated to sufficient tem-
perature to produce a flammable fuel-air mixture and also ignite it.

The first situation is characterized by the flash point test. The flash
point temperature is the point at which the sample produces just enough
fuel to form a flammable mixture. In the flash point test, the mixture
is ignited by a pilot flame and the fuel is quickly consumed during the
"flash" burn. The flash point test does not appear to be appropriate in
hazards clussification since a stable flame is present to cause the ig-
nition. In this sense, the flash point test represents a secondary
event.

The second situation is characterized by the autoignition test.
The autoignition test exposes a sample to elevated temperatures in an
air environment, The lowest temperature at which the sample is ignited
(due only to the temperature) is the autoignition temperaturs in that it
represents normal operations at elevated temperatures and cases where due
to poor cleaning practices or an accidzntal leak or spill, the energetic
material comes in contact with a hot surface (e.g., a hot motor casing or
hot process vessel). Such situations are identical to that represented
by the autoignition test.

Runaway Reaction Within Static Mass of Material

The second category of problems involves a mass of erergetic mate-
rial which is believed to be stable and is for some reason brought to
an elevated temperature, either locally or as a whole. One example of
this problem is a mass of material in storage. The material could be
a powder stored in a carton, a liquid in a drum or storage vessel, or a
large propellant grain. Although the energetic material is stable at
normal room temperatures, if the room's temperature is slowly increased,
a point can be reached where chemical reaction within the material will
proceed too quickly to be removed by conduction through the material
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1. External oxidizer required .
Examples: hydrocarbon fuels, solvents, distillation processes

with component failure

..

Mixture at temperature T

2. Runaway reaction within static mass of material
Examples: explosive in storage, large propellant grainm,
l1iquid sitting in hold or storage tank, mix tanks,
wash tanks, local hot spots, and radiant heating

Natural
Convection
Cooling

T

3. Runaway reaction within an agitated, cooled fluid
Examples: reactors, mix tanks, *rash tanks

_ ’// Mixer
Coolant in ”

. /

0 .
~ “ouc

Q4D

Fig 10 Categories of thermal initiation proble=ss
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and natural convection at the outer surface. When this occurs the crit-
ical temperature has been exceeded for the specific size of container
involved and a runaway reaction will occur. This type of problem for
simple configurations (e.g., cylinder, slab and sphere) is well charac-
terized. If the material's thermophysical properties (density, heat
capacity and thermal conductivity) and reaction rate properties (e.g.,
heat of decomposition, pre-exponential factor and activation energy)

are known, the problem can be solved analytically introducing various
approximations or more exactly using a computer model. For cases where
internal heat transfer is present, the additional heat removal could be

added to a simple computer model. In any case an estimate of critiecal

temperature for a given container size can be made.once the necessary

. material properties are known. Most of the required properties can be

obtained from tests such as differential scanning calorimetry. 1lhese
tests also provide the temperature at which the first significant exo-

therm will occur. C(Clearly, operation should be hept well below this
value. '

A second example of problems in this category is ignition by a lo-
cal hot spot. This problem could also be solved analytically using a
computer model, but in this case a realistic simulation could
a very small scale using a simple apparatus.
paratus has been designed by I1TRI persomel f

be done on
A local hot spot test ap-
or this purpose.

Reactor. Runaway Reaction

The third category «f problems is perhaps the most difficult to be
evaluated and has apparently not really been addressed in past hazards
tests. A typical arrangement was illustrated in Figure 10. An exothermic
reaction will proceed at a rate which is a function of temperature. As
the temperature increases, the reaction rate increases. So that the
process is well controlled, extreme care is put into assuring that suf-
ficient heat transfer is available to maintain the system at its stable
design temperature. Tremendous safety factors are inherent in these
system designs. Nevertheless, accidental fires and explosions have oc-

ally in this type of process operation. Incidents can
be attributed to the following thermal causes:

¢ loss of cooling

® loss of mixing

® obstructed cooling or mixing allowing hot region§ to
develop

® reactants added too quickly to tank

operation exceeds ignition temperature for a product
of the reaction (including scale on pipe walls, etc.)

® reaction of contamination introduced into the systenm
(e.g., piece of paper, oil, water, etc.)
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When a loss of cooling, loss of mixing or a runaway reaction is sensed
in a well designed system, deluge and/or dump is initiated in order to
prevent a catastrophic incident. All of this indicates that most 5f the
hazards associated with reactors and similar process operations should
already be addressed by the system designers. In order to properly de-
sign the system, tests mist be done to obtain calorimetric data (heat
release rate as a function of temperature). Using this data the heat
exchanger for the reaction is designed and the design should embody a
tremendous safety factor. A hazards analysis should be done to identify
failure modes leading to fire and/or explosion. The hazards analysis
should result in a system designed to minimize the probability of an in-
cident occurring. In other words, reactors are clearly hazardous unless
properly designed. Hazards classification can make note of this for all
reactors, but in the final analysis, safe design of reactors is really
the designers responsibility and must be accomplished wherever a reactor
is used.

In order to evaluate the thermal hazards of process operations in
a relatively simple manner, two types of tests were selected. These are
a localized thermal test and a regional thermal test. The experimental
evaluations of these tests are described in the next two subsections.

Local Thermal Test

Inprocess explosive and propellant materials may be susceptible to
initiation as a result of localized hot spots. The type of localized
heating visualized here may be caused by a variety of sources, of which
the following are examples:

e Friction sparks
e Welding sparks
e Hot metal chip caused by equipment fault

e Hot solid or liquid particles thrown from unplanned
chemical reaction

e Lit ~igarette
Since the causes of accidental initiation being considered are of

a random nature, exposure of material samples to actual real-life sti-
muli of the types listed above would not be suitable for test purposes.

First, these realistic stimuli cannot be reproduced or quantified easily.

Second, too many tests would be required. A more practical approach is

to devise a single type of stimulus which is representative of the above
group, whose intensity can be varied over a wide range, is reproducible,
and can be measured with fair accuracy.

The common characteristic of the modes of initiation being considered

(viz. sparks, etc.) is that each consists of a particle at high tempera-
ture that delivers a small amount of heat to the host material over a
small area. The heat comes from the cooling of the particle itself, and
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the amount of heat can be estimated. To simulate this type of localized
heating in a reproducible and measurable manner, one may consider a num-

) ber of possibilitigi‘y1hese.are described briefly in the following para-
: graphs.

Electrical Methods

Localized spot heating may be accomplishea electrically either as
resistance heating or by the discharge of a spark.

Resistance heating can be done by placing a resistance element in
good contact with the surface of the test material and dissipating a
limited amownt of energy through the resistor in a short time. This is
done usually by discharging an electric capacitor through the resistor.
This method is applicable only to nonconducting materials. For use on
electrically conductive solids or liquids, the resistor would have to
be insulated electrically; but the thermal lag imposed by the insulation
would negate the very conditions being simulated.

e

The resistor may be in one of the followiag forms:

® A single short resistance wire
i A thermister

® A strain gage

{ The above differ in their geometric configuration. The single wire is
i a line heat source and can be made in diameiers as small as desired. It
]

is relatively simple to construct, but its configuration does not resemble
closely the heat sources being simulated.

The thermister may be in the form of a small bead only several
thousandths of an inch in diameter. This would more closely resemble
the typical shapes of thc particles being simulated. A thermister has
a high negative coefficients of electric resistivity and is normally
used for measuring temperature. For our purposes, the semiconducting

thermister bead would constitute the resistance element where the heat
is generated.

— -
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A certain type of strain gage consists of a thin plastic substrate
upon which is deposited a metal film which constitutes the resister.
The resister may be an area less than 0.04 inches square. Both the

thermister and stiain gage resistor would merit further consideration
for use on nonconducting materials.
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A spark may be generated at the surface of a material by placing
two conductors, in good contact with the surface, a small distance apart.
i If a sufficiently high voltage were imposed across the conductors, a
spark discharge would bridge the gap between them. An electric discharge
in this manner does not resemble the physical mechanism of the heat

sources being simulated, and it is not known at this time whether or not
. there is an acceptable correlation between them.
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Radiant Methods’

Local hot spots may be imposed on a material as incident radiant
energy, using either a laser beam or an incandescent lamp as the energy
source. Either source would require optical focusing and a shutter sys-
tem. The area of exposure would be controlled by the focusing lens,
and the time of exposure by the shutter. Thus the intensity of heating
and the total amount of energy delivered could be varied over a range.

Both of these methods, however, have certain characteristics that
would make their choice for this application less than ideal. While
the incident radiant flux would be highly reproducible, the fraction
actually absorbed at the surface of a material would depend cn the op-
tical absorptance properties of the target material. Some of the ma-
terials, especially if in the liquid state, also may be partially trans-
parent, in which case the incident energy would be absorbed in depth.
This would deviate from the conditions being simulated and might lead
to erroneous conclusions in the interpretation of test results. .

Mechanical Methods

Local hot spots for test purposes may be generated by reproducing
in as much as possible the real-life conditions that can cause this type
of initiation — viz., the impingement of hot particles on tha surface
of the sensitive material. Two methods of doing this are described in
the following paragraphs, one of which is recommended for adoption.

A direct way of imposing hot spots is to generate sparks and cause
them to impinge on the test material. This may be done mechanically us-
ing an arrangement of components analogous to an ordinary cigar lighter.
A small friction wheel could be rotated at a controlled uniform speed,
and a sparking material would be pressed against the friction surface by
a pre-set force. The extent of sparking produced with the arrangement
would depend on the materials and on the applied force. The area and
time of spark impingement on the sample could be controlled by inter-

- posing a screen between the spark generating apparatus and the sample.

An aperture in the screen would govern the area of exposure, and the
screen itself could serve as a shutter to control the time of exposure.

Although this arrangement is a realistic simulation of a material
exposed to accident sparks, it has certain shortcomings concerning re-
producibility and the uncertainty in quantifying the thermal exposure.

It is not feasible to obtain single sparks; ana ~ven if it were feasible,
there is no assurance that the thermal effect of one spark would be like
that of the next. With a stream of sparks, there is a chance that two or
more might strike an area sufficiently small for the thermal efiects to
be partially cumulative. In either case, it is impossible to describe
the heating effect quantitatively since this would require a knowledge

of particle size and initial temperature.

Another approach is to retain the realism of imposing a local hct
spot with a hot particle, but to do so using one particle at a time
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knowing both its size (mass) and initial temperature. This would in-
volve preheating a particle to a uniform known initial tempecrzic.z. and
then dropping it onto the surface of the sample material. The controiled
variables would be the material of the particle, its size, and initial
temperature~--which together describes its initial heat content. Changes

could be made by changing any or all of these variables. This method
has the following advantages:

o Tests are highly reproducible, limited only by the
ability to measure physical size and temperature.
e The heating effect is quantifiable in absclute temms.

e The method is applicable equally well to both solid
and liquid materials.

e The method can be used on solids of different shapes,
e.g., flakes, pellets, strands, etc.

e The method is independent of the electrical properties
of the sample material.

This technique was selected for experimental evaluation in this project.

Test Apparatus and Procedure

The apparatus for imposing a hot spot on a sensitive material using
a pre-heated particle consists essentially of a miniature high-temperature
furnace as shown in Figure 11. With the tubular furnace in the upright
position shown in the figure, a small steel ball of known mass is allowed
to reach the steady-state furnace temperature. Then the entire furnace
assembly is turned upside down so the heated ball can fall freely onto
the test sample, and the results are observed.

The furnace consists of a ceramic tube around which is wound a re-
sistance wire that can be heated electrically. A smaller ceramic tube
with one end closed is inserted into the furnace tube and serves as a
holder for the steel ball. This smaller tube is within an iosthermal
region of the furnace and extends to within about 1 inch of the furnace
exit. Tt serves to guide the pellet during its fall and assures that
the pellet wiil not strike the cooler end of the furnace tube during its
exit. While at the bottom of the inner tube, the pellet is effectively

completely surrounded by an isothermal enclosure and will attain the
enclosure temperature in a short time.

The heating rate and temperature of the furnace are determined by
controlling the voltage supplied to the heater using a variable voltage
transformer. Furnace temperature is measured by a thermocouple inserted
into the furnace tube from below until it contacts the bottom of the in-
ner tube containing the pellet. The thermocouple is made of chromel and
alumel wires protected by a double base ceramic insulator. The thermo-
couple is permanently mounted in the furnace. The steel ball is inserted
into the furnace from the top. After the ball reaches the desired tem-
perature, the sample is set in place to receive the hot ball.
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54
L RN T TR e R T e e ST T e T
T S 24 T T eI RS T e T

%

K
.. ‘:..%\,ll



e —— —————— ——————— -

- —

L
B Y

-

o

o e

e~

POy

The furnace tube is surrounded by high-temperature thermal insula-
tion, and the assembly is enclosed by a steel tube to provide rigidity
and protection for handling. The entire apparatus is so cozpact (Fig-
ure 12) that it can be supported readily on a small stand anchored ri-
gidly on a bench (Figure 13). The mounting must be rigid so the pellet
will strike the same spot each time it falls. Inversion.of the fumace
is cone manually to a fixed stop that assured alignment of the exit
tute with the sample.

»

Evaluation of Thermal Exposure

The test apparatus and thermal test procedure are such that the hot
ball will experience little or no heat transfer during fts fall to the
surface of the sample material. If it is assumed that the heat transfer
during the fall is zero, then the heating of the sample can be calculated
readily. It would be the heat given off by the ball in cooiing from the
initial furnace temperature to the sample temperature (essentially am-
bient). The heat is given by:

q= mc(Tl—Tz)

where m = mass of pellet
¢ = heat capacity of pellet material (specific heat)
Ty = furnace temperature
T, = sample temperature

If the ball is of known material, its heat capacity will be knowm from
the literature, and its mass and the two temperatures will be measured.
Thus the heat given off will be known fairly accurately. Changes in the
thermal exposure, if needed, will be known even more accurately since a
change will be accomplished by using a ball of the same material but of
different mass, or by changing its initial temperature.

Local Hot Spot Test Results

The local hot spot apparatus, test procedure, and sample loading are
summarized in Figure 14. This test was found to be extremely simple and
fast to accomplish; therefore, probit analysis was used to determine thée
experimental probability of ignition versus ball temperature relation.
For hazards classification, the 50 percent probability of ignition pc.ut

is needed. This is compared to the inprocess potential for the specific
process operation being considered.

In this program only enough tests were completed to evaluate the

test and to approximately determine the 50 percent probability point for
each of the four sample materials.
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(a) Local hct spot test setup

(b) Test with M30 pellets (smoke only)
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Fig 14 Local hot spot tests
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(c) Test samples in sample holders

Fig 14 Concluded

Three ball sizes were tried in order to determine the best correla-
tion parameter (i.e., ball temperature or ball energy). The three ball
diameter were 0.079 cm (1/32 inch), lem, and 0.119 cm (3/64 inch). The
ball size appeared to have a negligible influence, whereas ball tempera-
ture dominated the results.

The local hot spot tests are summarized in Table 10 and Figure 15.
As shown, the 50 percent probability ignition temperatures for the four
materials were found to be:

Material 50 Percent Ignition Temperature, °C ~
M30 Pellets ~1035°C
RDX Slurry >1066°C
Ml Strands ~786°C
M26 Paste ~500°C

Regional Thermal Test

Differential scanning calorimetry (DSC) was evaluated for hazards
classification in the first program (Ref, 2). Most of this section has
been extracted directly from the final report for that work.
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Sample
material

M 30 Pellets

-~ (o]
(TSO 1035°C)

RDX_Slurry

o
(T50>1066 C)

M1 Strands

~7860
(TSO 786°C)

M26 Paste

~500°
(TSO 500°cC)

Table 10

Local hot spot test results

Ball
temperature (°C)

Fxperimental
probability
of ignition

510
594
788
1066

510
788
1066

510
705
788
871
1066

233
427.
510
594
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0/2
2/10
3/15

8/15

0/3
0/8
0/15

0/4
5/5
4/15
7/11
10/10

0/2

0/10
10/15
10/11

1174
20%
20%
53%

174
174
174

174
50%
27%
64%
100%

174
0z
67%
91%

Comments

No reactions
Consumed, not burned
Burns

Burns

Wisps of smoke

Wisps of smoke

Burns
Burns
Burns

Burns

Burns

Burns



e e e et e oo

2012

1832}

1652f

14721

—
N
4
[

I

—
—
—
[a]
1

Ball temperature (°F)

752

392-

Ball temperature (°C)

1100

T N e vy

10004+

909

800

700

6001

500

400

300¢

-2001

S 10 20 30 40 50 60 70 80 90 95 95 99

Experimental probability of tgnition (percent)

Fig 15 Local hot spot test results
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The .objective of this test is to determire the activation energy
for inprocess materials and to determine the autoignition temperature
corresponding ‘to a given heating rate, Numerous process operations re-
quire heat addition to #i¢ working material, e.g., dryers, and melt-pour
operations. This results in normal operating temperatures greater than
ambient. Abnormal heat additions can occur due to failure of coolirg
equipment or steady frictional heating. The activation energy is a mea-
sure of a material's susceptibility to chemical decomposition at any
temperature. A high activation energy indicates slow decomposition.

The autoignition temperature places an upper bound for the safe opera-
tion of any process.

In the hazards classification system developed in the first project,
of the four materials to be tested, only one (M30 pellets) represented
an operation where the heating test would be necessary. The M30 air
dried pellets are exposed to a drying operation which normally requires
heat addition. Therefore only M30 pellets were comprehensively evaluated
using DSC in that work. Data for RDX slurry was also obtained experi-
mentally but the ignition temperature for M26 paste had to be esti-
mated and for Ml strands had to be extracted from the literature.

Test Description

The DSC was chosen as the best method to achieve the desired objec-
tives. During the test, the sample material and a reference material
are heated simultaneously a: the same rate. The sample and reference
are contained in separate cups but placed in a common holder. Both cups
are instrumented with thermocouples. The difference in electric power
required to keep both sample and reference pan at the same temperature
is recorded and the record is called a thermogram. An endothermic pro-
cess (heat absorption) will require power to the sample pan and results
in a downward deflection of the recorder pen. An exothermic process
(heat release) will required less power to the sample and the recorder
pen will deflect in the opposite direction. The temperature at which
ignition occurs is clearly evident on the thermogram. The DSC analyses
permit interpretation of phase changes, decomposition, melting points
and thermal stability.

The test procedure is relatively easy. The tests were performed
in atmospheric air. The instrument can handle other gaseous environ-
ments. A heating rate of 10°C per min was selected for these tests.
The M30 sample was sliced to a size of 1 mm x 1 mm x 0.1 mm thick. A
small 1id was placed over the sample after it was placed in the sample
cup. The reference used in these tests was merely an empty sample cup.

The thermogram for M30 triple base propellants (lot number RAD
77F0015012) is shown in Figure 16. Curve B is the M30 thermogram. Curve
A is a blank run under the same conditions as the sample curve but with
both pans empty. This was merely to confirm that a straight, horizontal
base line was achieved. The M30 thermogram is seen to decrease mono-
tonically as temperature increased between 40 and 170°C. This behavior
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is probably due to evaporation of the solvents that were present in the
sample. At 170°C the M30 clearly begins to decompose thermally. This
onset of an exothermic reaction leads to the autoignition of this ma-
terial. Safe handling of the material should be limited to below 170°c.

RDX slurry was also evaluated using DSC, The autpoignition tempera-
ture was determined to be 2559,
Further analysis of the thermogram will produce the activation ener-
gy. The rate of energy evolution is proportional to the amount of pen
deflection on the thermogram. 1In this case only the exothermic reaction
is of interest. To measure the amownt of deflection, it is necessary to
select a base line. Two possibilities exist: choose a horizontal line,
tangent to the peak of the endothermic reaction, or draw a line on an
angle tangent to the endotkermic curve, Both lines are drawn in Figure
16 identified respectively as line 'a’' and line 'db', and the deflection

was measured in arbitrary units from each base line up to the exothermic
curve., The data are presented in Table 11.

Following the derivation and analysis methods of Ref. 14, the acti-
vation energy can be calculated from the following equation:

-19.16 log (d./d.)
10 1"72
1/T1 = l/TZ (J/mole)

E*

where d is the pen deflection at a temperature T. This also can be
written:

E* = -19.16m

where m is the slope of a straight line for log d versus 1/T. The data
from Table 11 were plotted in Figure 17 to determine m.
tion energy indicates rapid decomposition. Therefore, in analyzing the
experimental data, it is safer to choose the method giving the lowest
value of the activation energy. This indicates then, for 30 triple-
base propellant pellets, the activation energy is 2.63 x 10° J/mole.

A low activa-

Relation Between Local and Regional Thermal Test Resultsg

Figure 18 shows some Bureau of Mines data for black powder (Ref. 15).
Three types of data are presented. The highest ignition temperatures
correspond to ignition by small metal balls. The lowest ignition temper-
atures correspond to DSC results, in effect an infinite reservoir at the
indicated temperatures. The transition between the local and regional
ignition results was given by tests placing the sample on a large con-
stant temperature surface for a specified duration. Based on this com-
parison of black powder thermal test results, it appears that the local
hot spot test and the DSC realistically bracket the thermal ignition modes
and should be adequate for hazard classification purposes.
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Table 11

Thermogram data analyses for determining activation

energy of M30 pellets

For straight horizontal baseline:

3
o o /T x 10
1 0.5 175 448 -0.301L0 2.2321
2 2.0 180 453 0.30') 2.2075
3 5.5 185 458 0.7404 2.1834
4 10.0 190 463 1.0000 2.1598
5 17.5 195 468 1.2430 2.1367
. log,, (4,/d)) - -0:699 14 654
T, =TT, = 8.0477 =
* 5
E = (-19.16)(-14.654) = 2.81 x 10° J/mole

For decreasinpg baseline (tangent to curve):

d T 1K log, g

1 1.2 175 448 0.0792
2 3.0 180 453 0.4771
3 7.0 185 458 0.8451
4 11.8 190 463 1.0719
S 19.2 195 468 1.2835

ma -0.2927 _ o

. ya
E¥ = 2.63 x 105 J/mole

Horizontal baseline: E* = 2.81 J/mole
63 x 10° J/mole

Sloping tangent baseline: E* =2,
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Fig 18 Thermal ignition of black powder (Bureau of Mines data)
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Electrostatic Discharge Tests

In process planté; several types of electrostatic hazards exist.
These include:

= g
e charging of powder within siiding particle layers

o charging within dust or aerosol clouds inside vessels
or unconfined

® charging within dielectric 1iquids
e ungrounded equipment {tens beconming charged
e ungrounded persons becoming charged

e dielectric surfaces beconing charged

The first three cases involve an exchange of electric charge be-
tween the process material and its surroundings. As the charge density
within the material increases, the electric -field intensifies wntil a
discharge (charge relaxation releasing energy) occurs. If such a dis-

charge has sufficient energy to ignite the process material, an energetic
reaction (fire or explosion) will result.

The last three electrostatic hazards listed above involve something
other than the process material becoaing charged. When such an item be-
comes charged, its voltage increases. If the itenms voltage becomes high
enough to cause a discharge to occur, generally to a nearby grounded
item, and if the process material is exposed to the discharge, ignition
can occur. A person can store on the order of 15 millijoules of electro-
static energy and ungrounded metal items can easily store several joules.

Again, if the discharge energy is sufficient to cause ignition, a fire
or explosion can result.

As can be seen from the above discussion, the electrostatic hazard
reduces two characteristics: the susceptibility of the process material
to become electrically charged and the ignition sensitivity of the ma-
terial to an electrical discharze. The problem is actually somewhat
more complexz in that different materizl will discharge ("breakdown") at
different electric field sctrengths, but for purposes of hazards clas 3i-
fication the sizple view of the hazard in terms of charging suscepti-
bility and fgnition discharge energy will be adequate. :

Charging susceptibility is characterized by the electrical relaxa-
tion time of the process material. A discussion of the charging mechan-
isms and formulation of an equaticn for charge density being proportional
to relaxation time are presented in Reference 21. The electrical relaxa-
tion time of a material is equal to the ratio if the material's permit-—-
tivity to its conductivity, both quantities of which are measureable.

To characterize the ignition censitivity of a material to electrostatic
discharge, the sample must be esposed to discharges of various energy

levels in a manner analogous to most of the other types of sensitivity
tests.
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A comprehensive experimental evaluvation of the available measuring
techniques for the electrical properties (permittivity and conductivity)
was completed under the prior hazards classification contract. Small
sample holders (typical of the sizes generally used for these tests)
were used. The samples were generally pressed and did not represent
the real process form. It was decided to improve these testsin the pre-
sent program by allowing the sample to be placed in the sample holder at
the same bulk density as it exists in the artual process. For inhomo-~
geneous samples, such as pellets and strands, this required that the sSam-
ple holder be made significantly larger.

In the paragraphs below, the techniques which have been used to mea-~
sure the different electrical properties of the test samples will be de-
scribed. These include discussions of permittivity, conductivity, relaxa-

-tion time, and ESD ignition energy.

Permittivity Ly

The permittivity, €, is usually expressed as the relative permit-
tivity, €rs with respect to the permittivity of free space, Eg.
The relative permittivity is,

€E_\= _C
r’ €
o

and is referred to as the dielectric constant, K. The permittivity of
free space has a value

€ = —1—9 = 8.85 x 10-12 (COUIZ/n"mZ)
° 3 x10

The dielectric constant of a material can be determined by measur-
ing the influence of the test material on the capacitance of a parallel
plate condenser. A condenser is formed wherever an insulator (i.e.,

dielectric) separates two conductors between which a difference of po-
tential can exist.

In the case where the condenser electrodes are plates having a con~-
stant spacing, the capacitance, C, is given by the exprescion

c

0.08842 1\% (pf)

where

2
n

area of active dielectric in square centimeters
d = spacing between plates in centimeters

X = dielectric constant
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The dielectric constant is a material property and 1s substantially
independent of frequency unless polar effects are involved,

Molcules of a dielectric may be either polar or nonpolar. For polar
molecules, the dielectric constant under alternating-current conditions
is increased as a result of the rotation of the polar molecules under the
influence of the applied voltage (Ref. 20). The extent to which this
polar action is effective depends upon the frequency and the temperature.
If the temperature is lowered sufficiently, polar rotations are prevented,
causing the dielectric constant of the material to drop. Sicilarly, if
the frequency f= made tufficiently high, the polar molecules are not able
to follow the alterations of the applied field and the dielectric con-
stant drops. The losses exhibited by dielectrics appear to be associated
with the presence of polar molecules and free fons.

Polarization and conduction are the cunmulative results of molecular
charge carrier movemert in the dielectric material. Polarfzation involves
the action of induced dipoles. Conduction refers to the nu=ber of free
charge carriers (electrons) persent. VWhen an alternating-current is
applied, the dipoles oscillate because of the cyclic nature of the elec-
tric field. The dinole oscillation stores and dissipates the encrgy.
Accordingly, the dielectric properties of the material can be expressed
in terms of the dielectric constant and the loss factor. The dielectric
constant is related to the amount of electric field energy that the
dipoles in the material temporarily store and release durisg each half
cycle of the electrical field change. The loss factor expresses the dis-
sipation of energy caused by both conduct{on and dipole oscillation
losses. The dielectric constant and loss factor are expressed in com-
bined form as a complex permittivity

[ =E__-j5__
r € €
o [}
where
er = conmplex dielectric constant
€' = dielectric constant
€" = loss factor

j is the phasor operator (v-l1 )

Permittivity Measurements

The dielectric constants of the inprocess propellant naterials were
obtained by zmeasuring the effect of the material on the capacitance of
a par,‘lel plate condenser. Figuvre 19 is a block diagras of the test
setup used for these determinations.
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The parallel plate capacitor consists of two aluminum disks 45,72 cm
(18.0 -inch) in diameter and 2.54 cm (1.0 inch) thick. Copper leads
00794 cm (0.02312 inch) by 0.635 cn (0.25 inch), approximately 45,72 cm
(18.0 inch) long were used to connect the parallel plates to the measur-
ing equipment. The measuring equipment consisted of a General Radio
Company Type 1620-A capacitance measuring assembly: a Type 1311-A audio
oscillator, a Type 1615-AM capacitance bridge, and a Type 1232-A tuned
amplifier and null detector.

The teflon ring was used-to contain the sample in a cylindrical
shape and also to maintain the parallel plate spacing. Three sizes of
teflon rings were used for various tests. The purpose for using three
ring sizes was to obtain independent measurements for assessing the pre-
cision of the measurements. Pemmittivity is a material property and
therefore should be inlependent of dimension. The three teflon rings
had equivalent diameters, 23.50 cm (9.25 inch) ID and 24.13 cm (9.50
inch) OD. The threc hei ht dimensions were 0.635 cm (0.25 inch), 1.27 cm
(0.50 inch) ard 1.91 cm (0.75 inch).

The parallel plate capacitor described here is relatively large.
The purpose of providing o Jarge sample holder was to accommodate the
propellant materials in their inprocess form. We believe it is impor-
tant to test the material with a mininum amount of preconditioning of
the test samples.

The technique for determining the diclectric constant of the mate-
rials was patte-ned after those described by E. E. Walbrecht (Ref. 8).
With no sample in the fixutre, rhe capacitance was neasured by separating
the plates a known distance. Three small teflon disks were used for
this purpose. The disks were 0.635 cm (0.25 inch) dia. by 0.635 cm
(0.25 inch) iong and were used to simulate the separation distance pro-
vided by the smallest, previously described, teflen ring. The measured
capacitance was compared with the calculated value. The differencr is
attributed to stray capacitance and fringing. The influence of this
capacitance was accounted for by calculating an effcctive plate area.
The effective plate area has a value that would provide a capacity equal
to the measured capacitance. Finally, these precedures were repeated
to determine the effective plate area for the 1.27 ea (0.50 inch) and
1.9 cm (0.75 inch) separation distances.

The teflon ring helder was placed at the ceater of the aluminum
disk and filled with the test rmaterial. The second aluminun disk was
placed on top of this assenbly as shown in Figure 19. The measured
capacitance, C, {s the sunm of capacitance contributions from the air
areca, teflon holder arca and :rample arca,

€

o (KA + KA +FKA)
C = — o a 1l ¢ s
d
and
T2
MY e ‘““‘x;',:“"-::w":?"‘- L T
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~.. » w-+ »
o c (KA KA)

EQ‘AS : Aq
: -®
where '
K = dielectric constant of sample
Kl = dielectric constant of ring holder (K1 = 2,1)
K = dielcctric constant of air (Ko = 1.0)
d = plate separation (cm)
Aa = eoffective cross-sectional area of air area (cmz)
Ac = ring holder cross section area (cmz)

2
A = sample cross section area (cm”)

Conductivity

The conductivity of the material, 0, is the reciprocal of resistiv-
ity, p. The procedure for determining conductivity of the material is
to measure the sample's resistance, R. Using the measured value of R
and the physical dimensions of the sample, the conductivity is deter-
mined:

d S
o ASR (rho/cm)

where Ag and d are the cross-secticnal area and length of the sample,
respectively.

Tne instrument used for the resistance measurements was a Hewlett
Packard Model 4329A High Resistance Meter. This unit has a range 500K
ohm to 2 x 1016 ohm and can be used with 7 test voltages in the range
10 volts to 1000 volts. The capability for varying the test voltage is
useful for identifying voltage ccefficient of the materials. Unfortu-
nately, the relatively high conductivity of the M26 and M30 materials
did not permit these measurements with the existing equipment.

An alternate method for determining conductivity was a direct mea-
sure of conductance, G. This method provides a means for obtaining con-
ductivity as a function of frequency. The equivalent circuit and phasor
diagram for this determination is shown is Figure 20.
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Relaxation Tine Conétaqg

The ability of a material to store electros
to the relaxation time, 1. 1If the
will be dissipated as fast as they
charges will be acquired than lost
up on the surface of the material.
material can be calculated

tatic charges is related
relaxation time is short, charges

are acquired. 1If it is long, more
and the electtic charges will build
The relaxation time constant for a

T =¢/o (seconds)
where € is the permittivity and 0 is the conductivity. For a particular
material sample
d As
= = —_— ! e— = S = 1
T RC = p As X eol\ 3 peok pe (seconds)

Energetic Materials

The energetic materiale tested du
M30 pellets, M26 paste and RDX slurry,
ples was nominal and did not significant
The Ml strands were cut to leng

ring the program were M1 strands,

Preconditioning of the test sam-

ly influence the measurement.

ths of approximately 2.5 cm (1.0 inch)

in order to obtain the desired packing density in the test fixture. The

M30 pellets were placed in the test fixture in an orderly fashion, rather
than random packing. The M26 material on hand showed considerable agglo-
meration; however, granular samples were selected for the tests,

Ideally, the sample density for the electrical tests would have been
the same as those used for the previouslg conducted sensitivity tests
(i.e., 0.838 gr/cm3 for M30, 0.829 gr/cm” for M26 and 0.45 gr/cm3 for the
Ml samples). These densities were not maintained for the electrical prop-~
erties test because the parallel plate test fixture could not support the
required pressing force. The procedure used here was to brim fill the
sample holder, thus assuring electrical contact with the plates while

maintaining a constant separation distance. The test samples were weighed

and the density calculated after the electrical measurements were com-
pleted.

Experimental Data

The experimental data is presented here in tab
mittiviey, resistivity and relaxation time are shown as a function of the
test frequency. Table 12 contains the results of the Ml material test.
As shown in Table 12, the electrical properties of inprocess Ml material
are frequency dependent. The permittivity, resistivity and relaxation
time show a pronounced increase with gecreasing frequency. The permit-
tivity fs 1n the range 15 - 40 x 10-1 coul?/N-M2 and the resistivicy

is %n the range 0.5-15 x 109 ohm-meter. The relaxation time is in the
1074 to 10 feconds range.

ular form. The per-
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The M26 material also shows an increase in electrical properties
with decreasing frequency, Table 13. The permittivity is in the range
60 - 300 x 10-12 coul2/N*M2 and the resistivity is about 2 - 7 x 107
ohm-meter. The relaxation time is about 1 - 10 x 10~ seconds.

The M30 sample data is shown in Table 14. The elctrical properties
are simil~r to those described for M26. The relatively large pellet size
for the M30 material was not compatible with the dimensions of the sample
holder. Accordingly, only one sample size of M30 material was evaluated.

Table 15 summarizes the results gor tge RDX slurry. The permittiv-
ity was measured between 20 - 40 coul“/N°M~ and resistivity was measured
between 8 and 85 x 10 ohm-meter. Therefore, within the range of mea-

sured values, the relaxation time was found to be about 2 to 33 x 10-%
seconds.

Observations and Comments

The materials tested appear to behave as polar dielectrics. This

tendency is manifested by the substantial increase in permittivit
decreasing test frequency.

xﬁfor
The relatively low values of resistivity for inprocess test samples
(i.e., compared to pressed samples), indicates that the solvent content
may be the overriding factor in determining the electrical properties of
the materials in their inprocess form. It appears that the physical
characteristics of the material should be well defined for a particular
process stage. The electrical properties could then be assessed for
these conditions. Testing preconditioned samples is perhaps a more satis-

fying task; however, this technique provides little information on the
inprocess characteristics.

The requirement for assessing the electrical properties at d.c.
(i.e., test frequency = 0) is clear. The increase in permittivity, re-
sistivity and relaxation time with decreasing frequency suggests that
larger values of relaxation time will occur at or near d.c. Also, the
mechanism for the material to acquire charges in process plants is due
to relative motion between the material particles and the container wall.

One could reasonably assume that these charges would be acquired at a
lew rate -- analogous to a low frequency.

Figure 21 shows the measured electrical relaxation time plotted
against frequency on log-log paper. In all cases except for Ml strands,
the data seems to be leveling off at low frequencies. If we arbitrarily
select a low frequency of 1 per second in order to characterize the ma-
terials susceptibility to charging, the data in all cases can be approxi-
mately extrapolated back to that value to define the material's "low
frequency" relaxation time. For M30 pellets, the relaxation time is
about 1.3 milliseconds. For M26, the time is about 0.2 milliseconds.

For RDX slurry, the time is about 25 milliseconds. For Ml strands,
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Fig 21 Relaxation time versus frequency for the inprocess materials tested
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the relaxation time is about three hours. By comparing these re-
sults with a time (say 0.1 seconds) which should characterize the charg-
ing process of for example particle-wall contacts, Ml is found to be
highly susceptible to charging, M30 is not susceptible to charging, M26
i{s not susceptible to charging, and RDX is marginail.

The use of a relatively large sample holder to test Inprocess mate-
rials provides a feasible approach. The relatively large size of the
M30 pellets required orderly packing — as opposed to randem packing.
However, the M30 materials can be tested in their inprocess form using
this procedure.

Finally, it should be noted that the data reported here was obtained
under fleld conditions. It is anticipated that the precision of measure-
ment could be improved with improved test procedures. Controlling and/or
determining the solvent content of the test material would provide useful
information. Also, the control of external factors, such as temperature
and relative humidity would improved the quality of the measurements.

ESD Ignition Tests

The circuit used to conduct the ESD ignition tests is shown in Fig-
ure 22. The capacitor is cnarged to the desired voltage level, V. The
energy stored in the capacitor is given by

e = % CV2

where C is the capacitance. Not all of this energy will be dissipated
in the discharge. For this reason, the resister Ry is added to the cir-
cuit. Measuring the voltage across this resistor as a function of time
Vi (t) gives the current-time relation through the sample

Vi(t)
T

i,(e) =

The voltage across the sample is obtained from the difference between
the twc measured voltages:

Vs(t) = V(t) - Vi(t)

The energy dissipated in the discharge in the saample is then given as
the integral over time of the power (Vs(t)'is(t)):

T
e = J‘ovs(t)'is(t) dt

where T is the discharge duration.
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The sazsle holders used for powdered and pellet or strand materials
are shown im Figure 23.

For powfer samples, the spark gap was always 0,32 cm (1/8 inclh).
For pellets zcd strands, the needle electrodes were always on oppesite
sides of the sample along the circumference. More orientztions of the
electrades stould have been tried in the testing, but only a limited
number of <ests could be accomplished, It is expected that the discharge
energy will mave a different effect for different gaps between the elec-
trodes. Tucrefore, the energy probably should be expressed as energy
per unit spert length. Spark length will be the gap length for powder
or liquid swples and will be the distance between the electrode needle
tips along zae circumference for pellet or strand type sanples. For the
final hazaris classification procedure, it is suggested that three gaps
(0.318 em, 1.155 cm, and 0.079 cm) be used as a standard. In the future,
more work swald be done to better characterize the relatlonship between
spark zap #d ignition potential in order to possibly reduce the number
of tests zsetuired. :

The EST tests which were conducted are summarized in Table 16. No
initiazipos were obtained in any of the tests which were conducted. For
M30 pellezs in 4 out of 15 trials (27 percent) burn marks were observed
when 5 joules stored at 10 kilovolts in a 0.1 microfarad -apacitor were
discharget Znto the sample. From the oscilloscope records, it was found
that oaly Petween 7 and 32 percent (i,pically 18 percent) of the capaci-
tor energr Zs actually dissipated in the sample. Therefore, the discharge
energy expecienced by the sample was only about 1 joule wnen 10 kilovolts
were applist to the capacitor. Thus, based on the tests shich were con-
ducted, mvme of the four sample materials will become ignited {f exposed
to electric discharges up to about 1 joules.

Flame Ipnizion Test

£s 4521 be seen in Section 6, when the procedure is presented, a
flame “grizfon test 1s required w!'en the sample material has been found
to be 4nseraitive to all the stimuli required in the sensitivity evalua-
tion. Toe flame ignition test merely exposes the sample to a well char-
acterfized “lame for a specified length of time. If ignition does not
occur, the sample is considered to be very insensitive and no more clas~
gsification testing is required. If the material is found to be sensi-
tive 4n =zur of the previous sensitivity tesis or the flare ignition test,
an evalpeiion of the potential consequences of an igniticn (e.g., mass
explosion, mass fire, firespread, etc,) is necessary.

The *Iazme ignition test is cimple enough that an experimental evalu-
ation of fie test procedure was not considered necessary. In defining
the tests, the following items were considered:

1. Tie flame will have to impinge on some powders <nd

Jfguids which could be blown away if the gas stream
“3 not gentle.
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Metal dish
on grounded surface

i

2.38 ¢m
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Powder samples

Needle electrode
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-—— Gap = distance between el .ctrode
along circuamference

Fiz 23 Sample holders for electrostatic discharge tests
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Table 16
Summary of ESD ignition tests

Applied

Number
Sample voltage of trials Remarks
(volts)
M30 1000 1 No reaction
2000 1 No reaction
3000 1 No reaction
4000 1 No reaction
5000 1 No reaction
6000 1 No reaction
7000 1 No reaction
8000 1 No reaction
9000 1 No reaction
10000 15 Burn mark observed in 4/15 trials
Ml 1000 3 No reaction
2000 1 No reaction
3000 1 No reaction
4000 1 No reaction
5000 1 No reaction
6000 1 No reaction
7000 1 No reaction
8000 1 No reaction
9000 1 No reaction
10000 22 No reaction
M26 1000 1 No reaction
2000 3 No reaction
10000 8 Brown spot observed in ./8 trials
RDX 500 4 No reaction
750 1 No reaction
1000 1 No reaction
2000 1 No reaction
3000 1 No reaction
4000 1 Powder blows away from arc
5000 1 Powder blows away from arc
10000 2 Powder blows away from arc
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2. The flame should be inverted at, for example a 45°
angle, so that it ce#impinge up on samples which
must be held in a cup (e.g., liquids).

3. The flame should be fairly intense because this test
represents the final criteria for saying that the
material is very unlikely to be ignited by any means,

4. The flame should be well characterized and reproduc-
ible.

It was decided to use a standard Bunsen burner with a 9.5 mn- (3/8 inch)
inside diameter barrel. The burner gas should be propane and the burner
should be adjusted to produce a 25 to 35 mm (1 to 1 1/4 inch) high inner
cone when standing vertical in the normal position. The burner should
alsc be adjusted to produce 960° * S°C at the top of the inner cone.
These requirements are very close to many standard tests using a gas
burner.

Once adjusted, the burner should be placed in a holder so that the
flame points downward and the barrel axis is on a 45° incline to the
vertical. A 5 gram sample (or a similar appropriate quantity if an in-
homogeneous sample such as pellets or strands is used) should be 1ifted
remotely into the flame so that the tip of the inner blue cone just con-
tacts the sample. The material passes this test if no ignition occurs -
during the exposure. The exposure should be for a minimum of one minute.

Critical Diameter Test

The critical diameter test is a screening test in the procedure,
used to help determine which effects test will be most representative
of the consequence of an initiation. The critical diameter test is ap-
propriate for materials which exist in a volume (bulk) in the process,
rather than in a layer. The test is designed tc answer the question,
"if a detonation already exists in the process (e.g., in an adjacent
vessel) can the material in this process vessel propagate the detona- .
tion?---i.e., is this material detonable?"

The apparatus chosen for this test is illustrated in Figure 24 and
a photograph of the apparatus used in one test is shown in Figure 25.

The booster explosive is made long in order to produce a flat deto-
nation front at the interface between the booster and the sample. The
explosive sample is put in a tube with a length to diameter ratio of at
least 6 to 1. This high length to diameter ratio was found to be neces-
sary in order to allow the "overdriven" reaction front to stabilize and
still have sufficient tube length to judge whether or not the reaction:
is stabilized or dying inside the sample material. Naturally, the longer
the tube is, the easier it is to interpret the test results. The L/D .
ratio of 6 was found to be a good balance, making the tube size handle-

able while still being able to interpret the.data. The 76 critical
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Fig 24 Critical diameter test apparatus
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diameter tests which were completed are described in Table 17. The early
tests concentrated on ref;gipg the. .test procedure, for example determin-
ing that an L/D of 4 was inadequate, requiring an L/D of 6 instead.

All four sample materials were tested in 0.318 cm (1/8 inch) walled
steel tubing. To evaluate the effect of confinement, M26 was also tested
in 0.635 cm (1/4 inch) walled steel tubing and cardboard tubing (effec-
tively zero wall confinement). The 76 tests were not sufficient to ac-
curately determine the critical diameter for all these cases, but an

approximate value could be derived from the data for each case considered.

Wherever possible, the Bruceton technique was used to determine the diam-
eter corresponding to a 50 percent probability of propagation. Where
insufficient data was available, other techniques were used such as
grouping data to produce an approximate experimental probability curve.
Figure 26 shows the sequeuce of tests for M26 paste in 0.318 cm (1/8
inch) wall steel tubing. Figure 27 gives the data for M26 paste in

0.635 cm (1/4 inch) walled tubing.

Figure 28 shows the sequences of tests used to determine M26 criti-
cal diameter in cardboard tubing. On the figure, Sequence 1 arrranged
the available test restlts into the Bruceton series shown on the left
side of the figure. The dotted circle is an assumed "No Go" (not actual-
ly done) which was added to Sequence 1 to produce Sequence 2.

Similarly, sequencés 3 and 4 are shown on the right side of the
figure. Depending on how the data was arranged, the critical diameter
was found to range between 2.26 cm (0.89 ir) and 3.59 cm (1.414 in).

Figure 29 shows how M26 critical diameter varies with the ratio of
t/D (wall thickness to diameter ratio). The dotted line is approximately
the 50 percent probability of initiation line. The four diagonal solid
lines are lines of constant wall thickness. The wall thicknesses shown

represent the range of practical process vessel wall thicknesses 0.08 cm
to 1.27 e¢m (1/32 inch to 1/2 inch).

Figure 30 presents the results of tests with RDX in 0.317 cm (1/8
in) walled steel tubing. All shots down to 0.635 cm (0.25 in) diameter
were positive. Since it is quite unlikely that the RDX process vessel
will be that small, there was no need to carry the tests to smaller diam-
eters. Therefore, the critical diameter for RDX slurry in 0.317 cm
(1/8 in) walled tubing was found to be less 0.635 cm (0.25 in).

Figure 31 presents the results for Ml strands 0.317 cm (1/8 in)
walled steel tubing. Ml strands are quite difficult to pack at a uni-
form density within the test volumes. Because of this, the log normal
probability distribution of "Go's" was found to be quite wide. Positive
reactions were found at diameters as small as 1.27 em (0.5 in) and nega-
tive reactions were found at dlameters as large as 15.2 cm (6 in). Only

enough tests were completed to determine the approximate shape of the
probability distribution.
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Tent
designstion
1 €D-M30-4-.125

Test

T2 CD-M30-4-.250
€D-M30-4-,000
4 CD-M26-4-.25
CD-M26-4=.125
6  CD-M26-4-000
7 CD-M1-6-.25

e CD-M1-6-.12%

9 CD-M1-6-.000

10 CD-RDX-4-000
11 CD-RDX-4-.125
12 CD-M26-2-.125
13 CD-M26-1-.125
14 CD-C4-0.4-000
15 CD-M26-2-.125
16 CD-M26-1-.125
17 CD-M26-0.5-.125
!
i
f *a  CD-M26-0.25-.125
i
19 CD-M26-0.25-.125
20 CD-M26-0.5-.125
21 CD-M30-1-.125
22 SD-MY0-2-.125

——

2y + {indicates reaction f

Table 17
Critical dianeter test results
Observatfion
Date of witness plate Results Remarks
4/21/78 Digh plate with v® +2300 m/sec STEADY Tube in small frsgments, should
sone shear GO have had L/D=6 (used L/D=4)
4/25/78  Dish with partial V=~ 2800 a/sec STEADY Tube in amall frsgments, should
hole (] have had L/D=6 (uscd L/D=4)
4/27/18  No dish plate v-+died out NO GO Some M30 pellets strewn around
flat and clean pit area
4/21/18 Dish with hole v+ 5000 m/sec STEADY Used L/D=4
. Go
4/27/78  Dish plste with v~ 4500 m/sec STEADY Used L/D=4
some shear Go '
4/28/78 Dish only v+ 4500 m/sec STEADY Used L/D=6
Go
5/02/78  Slight dish ouly V=*2300 n/sec STEADY L/D=4, tube in medium size
Gco f ragoents .
5/02/78  Slight dish only v+ 1800 -/ceé BORDER Tube in small fragments, should
STEADY GO have had L/D=6 (used L/D=4)
BORDER RESULTS
5/02/78 No dish plate v+ died out NO GO Used L/D=4, some Ml strands
flat snd clesn strewn around pit area
5/04/78 Dish with hole V+ 6000 m/sec CO Used L/D=4
5/04/78 Dish with hole v+6200 a/sec GO l'ged 1L./D=4
5/22/18 pish plate v « BOOO m/sec STEADY Used L/D=4, denslty of M26 not
with some shear Go at constant estsblished but
at 1.07 gn/cm)
5/22/78  Slight dish only v+830 m/sec GO Used L/D=4, density of M26 not
at constant egtablished but
at 1.2) gm/cm
5/22/78  None used Vv+10,000 m/sec GO Resction front veloci{ty way too
high
5/26/78 Dish plate v +6500 m/sec GO Used L/D=4
with some shear
5/26/78 Dish with hole V- 4000 m/sec Used L/D=4, horder results
DECREASINC BORDER from stresk photo, witness
plate indicstes co
5/26/78 Dish plate v+ 6600 m/sec STEADY Used L/D=4
vith some shear GO .
5/26/18  Slightly dish v+ 1500 m/sec Use of 1 In. thick witness
plste decreasing NO GO plate was poor choice, too
thick; used L/D=4
6/06/78  Dish plate v+ 3500 m/sec Used L/D=10
with some shesr decreasing NO GO
6/06/78 Dish plate with v+ 300 m/sec STEADY Used 1/D=6
scme sheat BORDER GO
6/06/78 No dish; plate v+ 2000 m/sec 1 in. thick witness plate
flat with some dccreasing NO GO used, too thick; used L/o=7
burn marks
6/06/78 Dish plate, steel. V= 1300 m/sec NO GO Material residue left on

tube came apart
in strips

ront velocity approaches value showm.
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P g et

Test

23

35

36

37

1]

39

43

L4

Test
designation
CD-M0-2,£75-.125

C0-M30-4=,125

CD-M26-.25-.119

C0-M26-2-000

CO-M26-1-000

€D-M26-3-000

CO-M26=-1=.25
C0-M26-1.5-000
C0-M26-2-D00
CD-M26-1-000
CO-M26-1-.125
CO-M26-.5-.125

Ch-M1E-.25-.125

CO-M26-.5-.125

CD-M26-.5-.125

CD-M26-,25-.125
CO-M26-1-.125
C0-M26-1-.125
CD-RDX~.5-.125
CL-RDX-.5-.12%
CO-RDX-.25~.125

CD-ROX-.25-.125

Oute
6/27/18
6/29/18

1/a1/18

7/07/78

7707118
7/07718

8/03/18
8/03/78
8/u3/78
8/03/78
8/17/18
é/l7/78

8/11778

8/23/18

8/23/18

B/23/78

8723718

8723/

8/23/18

8/23/18

8/23/78

8/23/78

Tahle 17 (vontd)

Critleal diameter test Tesalts

Ohservatian
of witness plate

0ish plate; color
of piate shows
figh temperature

Oish plate

N. dish plate;
flat with suome
burn marks

Sifightly dished
plate

No dlsh plates
flat with some
burn marks

silght dish onty

Dished plate with
sop e shear

Otshed plate
Dished plate

Pished plate
wvith some shear

Dished plate
with some shear

0ished plate
with some rhear

No dlsh piate,
flat with some
burn marks

Dished plste
with some shear

Olshed plate
with some shear

Plate flst with
some burn marks

Clean hote
through plate

Clean hole
through plate

Hole almost
through plate

Hofe almost
(hrough plate

No hole hut shear

No hole but shear

v » 1700 m/sec
decreasing NO GO

\' * 1900 m/sec
decreastag NO GO

NO GO

v - 4000 nfsee
BORDER GO

vV +dled out

NO CO

Results questlonable

v ¢ 4400 m/sec STE

(&Y

Vv » 4500 m/soec; stesdy
(g1

Stight fncresse

v« 3100 m/scc
ducreasiog NO GO

AOY

\ + 2500 m/scc STEADY

(R4

v+ 4600 m/sec STEAOY

o

v 4100 m/sec steady
Slight incrcase GO

v +dfed out

v * 4800 mf/sec GO

v *» JB00 m/sec.

NO GO

Sitghtiy decreaslng

border -+ GO
v »dled out

NO GO

v+ 5600, rislng GO

V + 4400 to 5000 m/aec

Stesdy

GO by comparison of

results with shot
Vv very strhle at
sbout 6000 m/sec

\ very stahie at
about 6000 m/sec

V stable, rlslng
about 5800 m/sec
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42

GO

Go

to
co

Remarhs
Used L/D=6

Used L/D=6

Witneas plste indicates NO GO.
Missed scope Tecord because nn
triggerlng occurred. Used L/D=6,

Used L/D=6

Us»d L/0=6

Mlssed scope record, no explana-
tion why. No veloclty couid be

determlned, Used L/De=6.

tUsed
into
Used
into
1'sed
into
Used
Irto

Used
into

Used
into

Used
Into

Used
Into

Usied
into

Used
Into

Used

L/D=6. Explosive losded
appara‘ys by increments.
L/D=6. Explosive loaded
apparatus by increments
L/D=6. Exploslve foaded
appsratus by increments.
L/D=6. Expioslve loaded
appsratus by Increments
L/t«6. Expiosive loaded
apparatus by Increments
L/D=6. Exploslve loaded
spparatus by Increments

1./D=6. Exploslve loaded
apparatus by Incrementa

L/U=6. Explosive loaded
apparatus by increments

L/D=6. Exploslve losded
apparatus by increments

L/D=6. Fxploslve loaded
apparatus by increoenta

L/D=6, Extrs M26 shot

not used In Bruceton

Used

L/D=6. Exu.rs M26 shot

not used In Bruceton

Used

L/D=6. Losded by

Increments

Used

L/D~6. Loaded hy

Incrementa

Used

L/0=12. Louaded by

Increments

Used

L/D=12. Loaded by

increments

~ e AN
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Test

45

46

47

48

49

50
51

52

53

54

55

56

57

p1:3

59

&D

hl

6)

Test
deslgnatlon

CD-ROX-1-.125

CD-RDX~1-.125

CD-M1-2.875-.125

CD-Mi-6-.125

C€0-M26-.25-.25

CD-M26-.25-.25
CD-M26-.25-.25

CD-M26-.5-.25

CD-M26-.5-.25

CD=M26-.5-.25

C0-M26-1-.25

CD-M26-1-.25

CD-M26-1-.25

CD-M26-.5-0

CD-M26-1-0

CD-M26=2-0

C0-M26-4-0

Ch- M1-1.5-.

29

Cn-Ml-1.5-.125

Date

8/23/18

8/23/18

8/24/18

8/24/78

9/08/18

9/08/18

9/08/74

9/08/78

9/0D8/18

9/08/18

Q/08/18

9/08/18

9/08/78

9/p8/18

9/p8/178

9/08778

9/08/18

9/08/178

9/08/18

Table 17 (contd)

Dbservat fon
of witness plate

Clean hole

Clean hole

Plate dlshed
with shear
Plate dlshed
snd tlpped with
shesr

Plste not shesred

Plate slightly
sheared

Plate only
slightly slheared

Some shear on
witness plste

Some shear on
witness plate

Som shear on
witness plate

Signlflesnt
wltness plate
shear

Signlficant
witness plate
shear

Signlflcant
witness plate
shear

Apparently no
witness plate
damage

Ne witness plate
dawnage

Plate dished
and pltted

Plate dlshed,
pltted and ripped

Plate dished

Plate dlshed

"Cr tical diameter teat resulta

Results

V stable at about
A000 m/sec GO

No siope tecord

GO based on witness
plate

V +2300 m/sec STEADY
co

vV + 2700 m/sec STEADY
co

Vv drops from 5000
n/scc to 3300 m/scc
NO GO

V stabilizes st about
3000 m/gec  GD

V stabilizes st
A+ 3000 m/sec GO

V nut constant but
remains above J3u0
m/sec CD

v stabllizes at about
1500 m/sr. 5O

Vv deops clightly but
«ematns sbove 3200
/sec GO

Slgniflcant witneas
plate damage indi-
cates go GO

V stable at 4500 to
5000 m/sec GO

Vv stable st about
4500 to 5000 mscc

vV drops to below
1000 m/sec  ND GO

Vv drops smoothly to
about 3DO0 m/sec and
appears stable there
o .

V stahle at about
4500 m/sec GO

V stable at about
4500 m/sec GO

Velocity recerd lost;
probably GO based on
comparfson of plate
with test 63

v + 2400 m/sce
(=tahle) GO

92

Uscd L/D=6.

Remarks

tUsed L/D=6.
increments

Loaded by

Luaded by
increments

Used L/D=6

Denslty =D.55 g/ec (too

Used L/D=6.

Density = 0.49 g/cc {(too

Used L/D=12.

Used L/D=12,

L/0=12. Tube aheared at

optlc probe holes

L/D=6. Loaded {n three

{ncrements

L/p=6., Losded in three

tncrements

L/D=6, Losded in three
increments

high)

high)

fiber

L/D=6. Loaded {n six i{ncrementa.

Velocity data lost

L/D=6. Loaded in six incrementa

L/D=Y. Loaded

-
3

L/D=6. Losded in three
increments

six fncrements

L/D=6. Loaded in six increments

L/D=6, Losded in six {ncrements

L/D=6. Loaded in six {ncrements

L/D=6. Loac~d in six {ncrements

L/0=6, Loaded in sfx {ncrements
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Table 17 (concl)
Criticai diameter test results
- Test - Observation
Test  designation Oate of witness plate Results Remarks
64 CD-M1-2.875-.125 9/08/78 Plate dlshed V + 2000 ®/ser 1./D=6. Loaded in six increments
(stahle) €O
65 €0-M1-2.875-.125 9/08/78 Plate dished vV +2000 m/sec (stili L/D=6. Loaded in six increments
droppl-g) BORDER
66 CD-Ml-6+.125 9/11/78 Plate dished Vv dropplny  NO GO £/D=6. Loaduvd in slx lucrements
and pitted
67 Ci-M1-6-.175 9/11/78  Plate dished Vv stabilizes at about L/D=6. Loaded in aix increments
and pitted 2000 m/sec GO
68 CO-M1-.5-.125 10/02/78 Minor damage v dropplng  NO- GO L/D=t.
69 CD-M1-.5-,12% 10/02/78 Minor damage V generally decreas- 1./D=b. !
ing with large splke 5 ‘
toward end BORDER -8
70 CD-M1-.5-.125 10/02/78 Plate slightly v stabllizvs at about L/D=6.
dished 2200 m/sec GO
71 CD-M1-1-,125 10/02/78 Minor damage V appears to be sta- L/Dw6.
billzing at ahout
2000 m/sec BOROER
N 72 CO-M1-1-.125 10/02/78 Minor damage V drepping slowiy 1./D=6.
NO GO
73 CD-M1-1-.125 10/02/78 Plate slightly Vv dropping NO GO L/D=6.
dished
) 7% Co-Mi-2-.125 10/02/78  Minor damage V dropping NO GO L/D=b. '
75 CD-M1-2-.125 10/02/78 Minor damage ¥V dropping N0 GO L6,
76 C0-M1-2-,1225 10/02/78 Piate slightiy V seems to stabilize L/D=6.
dished at about 2000 m/sec
Go
PP Ay P - . spas . -




Tube I.D. (in.)

0.5

0.25}-

0 Negative result (no-go)
¢ Borderline result

® Positive result (go)

10.16 '@
__ 5.08
a
S
a
S 2.5
]
E
0.7
0.64

Tegt number

Fig 26 Critical diameter determination for M26 paste
in 0.318 cm (1/8 in.) wall tubing
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Tube I.D. (in.)

0.5

0.25~

Fig

.
=0
A e A
0 Negative result (no-go)
® Positive result (go)
10.16
5.08 =
”~N
g
<
A 2.54
-
o
3
= 1.27
0.64 =
= 5‘: o 1 "
Il'—f_L 180 SDEK NN U0 O NN SN 1 i1
0 5 10 15 20

Test number

27 Critical diameter determination for M26 paste
in 0,635 cm (1/4 in.) wall tubing
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Tube I.D. (in.)

4 =
2 md
8
St
1 + &
—
U
£
0.5 &
0.25}
Fig 28

SO - - e - . - N - s SO

0 Negative result (no-go)
® Borderline result
@ Positive result (go)

10.16 |

5.08

2.54

.07 [ERLE

0.64

Test number

Critical diameter determiunation for M26 paste
in cardboard tubing
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Estimated critical dilameter (in.)

100

10

1.0

0.1

Fig 29

,\\
~.
L @ s
254
25.4

2.54

Estimated critical diumeter (cm)

0.25

& \; :

b

0.01

Wall thickness to diameter ratio, % (dimensionless)

0.1

Relation of critical diameter to tube wall thickness for M26 paste
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Tube I.D. (in.)

® Positive result (go)

4.0 - 10.16 - G
 Diametpr <o
2.0 |- [} BESRUREESS BEEEE LERES BEEEE SIS -
G
=
1.0 |- o 2.5
—
)] .
5
0.5 b & 1.27
0.25 0.64 L
0 L - i
0

Test number

" Fig 30 Critical diameter determination for RDX slurry
in 0.318 cm (1/8 in.) wall tubing
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(in.)

Tube I.D.

0.5

0.25

O Negative result (no-go)
® Borderline result

@ Positive result (go)

1. 27 dEd

-
5 15.24
- 7.62
N 5.08f -~
- § 3.81
- A 2.54

-

3

f=]
foer [ ]
- 0.64)

0 5 10 15

Test number

Fig 31 Critical diameter determination for M1l strands
in 0.318 em (1/8 in.) wall tubing
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From the data in Figure 31, it appears that the critical diameter 1s
about 1.9 cm (0.75 in.), altﬂbﬂgh depénding on how the data are reduced,
critical diameter can be anywhere in the range from 1.4 cm (0.56 in.)

to 6 cm (2.38 in.).

Each critical diameter test had to be evaluated to determine whether
or not stable detonation was established in the sample material. Genev-
ally, the C4 explosive booster will provide an initiating detouation
front much stronger than the stable detonation condition in the sample
(the sample will be overboostered). The first half of the tube length
will involve the detonacion front stabilizing from the overhoostered
state to the stable reaction front velocity for the sample. If the re-
action front stabilizes in the second half of the tube length at a nearly
constant (some oscillations are expected) supersonic velocity, on the
order of 2000 to 8000 m/s (7000 to 26,000 ft/s), a stable detonation has
been established in the sample and the tube diameter is above the criti-
cal diameter. If the reaction front velocity continues to attenuate in
the second half of the tube, a stable detonation has not been established
and the tube diameter is below the critical diameter.

In Figure 32, three typical plots of reaction frent velocity versus
distance derived from the experimental data are shown. The top curve
shows the velocity stabilizing at about 2250 m/s. The middle curve shows
the velocity dropping, but it appears that it could have stabilized had
the tube been a little longer. The bottom curve shows the reaction front
velocity dropping steadily. The top curve was considered to be a "Go".
The middle curve was a "No Gu'" since even if the velocity had stabilized
it would have been well below 2000 m/s. This was a scmewhat borderline
situation. The third test was clearly a "No Go". In many other cases,
"No Co" reactlions were even more obvious with the velocity probe signals
weekening in intensity with the reaction and in some instances accompanied
by unreacted material left on the witness plate.

Three examples of data taken using fiber optic "light pipes' as
shown in Figures 24 and 25 are given in Figure 33. The light from the
reaction front was transmitted to a photo cell using the fiber optic
"light pipes'". Each time the reaction front passed a probe, the photo
cell voltage spiked. The oscilloscope records in Figure 33 represent
time on the horizontal axis and voltage (light inteasity) on the verti-
cal axis. Average velocity between two prebes was calculated by divid-
ing the distance between thc probes at the steel tube by the time be-
tween signals on the oscilloscope record. The time between signals was
measured from spike to spike when the siguals were tharp or between cor-
responding iocations at which the signal rose sharply when the peaks were
not as narrow.

Another useful qualitative indication of a detonation is shearing
of a hole through the 2.54 c¢m (1 in.) thick steel witness plate. In or-
der for a hole to he sheared into the plate, the reaction front velocity
must be greater than the speed of sound in the plate (about 5945 m/s

L}9,500 ft/é]) at the end of the tube. 3Such a high velocity would have
to be
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Fig 32(a) Critical diameter test 24, velocity profile
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Fig 33 Typical oscilloscope traces from fiber optic velocity probe
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associated with a detonation, therefore a hole sheared through the plate
is a good indicator of a positive result, The absence of a hole sheared
through the plate does not uecessartly indicate a negative reaction since
the detonation velocity could just be too low. However, absence of a
hole generally does correspond to non-detonation or a weaker detonation
than is typical for most condensed explosives.

In refining the critical diameter test prncedure, two more issues
had to be resolved. First, since the test uses a circular cylindrical
tube, the derived critical diameter is only directly extrapolateable
to process vessels which are circular cylinders. In project SOPHY
(Ref. 16) equations were derived which can be used to compute an equiva-
lent vessel diameter for vessel cross-sections which are not circular
(e.g., triangles, rectangles, etc.). These relations have been incor-
norated into the critical diameter test procedure. Second, considera-
tion had to be given to the situation where, perhaps due to facility
limitations, the testing cannot be don2 at laige enough diameters to
obtain positive results (Go's) and the actual process vessel is larger
than the allowable facility size limitation. In such cases, the actual
(full scale) vessel may be able to propagate a detonation whereas the
largest tests show only negative results. Several approaches can be
used to resolve this problem. Among these are the following:

1. Analytical Estimation of an Energy TNT Equivalency

If the chemical composition of the reactants is known,

the energy released, assuming the mixture detonates,

can be predicted analytically by a number of methods.
Using thermochemical tables ind simple assumptions as

to what the products will e, a simple calculation

can be done to obtain an approximation of the ‘energy
released. Alternatively, a computer code such as TIGER
(Ref. 17) or EOVAL (Ref. 18) can be used to obtain a

more accurate prediction. The energy release predicted
for the process chemical can be divided by the value pre-
dicted for TNT to estimate a TNT equivalency dependent
purely upon the energy release. This approach is conser-
vative in that it assumes that detonation will occur while
detonation may not actually be possible. The approach may
not be acceptable to the user in that it requires that
somewhat complex calculations must be conducted.

N

Dictate Classification by Policy

If the critical diameter cannot be determined by test, a
second approach is to admit the lack of knowledge and bage
the classification decision purely on policy. From the
standpoint of safety conservatism, the logical decision
would be to claseify all such materials as Class 1.1A

(mass explosion hazard). From the standpoint of economic
conservatism, the logical decision would be to choose class
1.4 (minor hazard) and design the process plant accordingly.
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3. Base Decision on.Egfects Test Results

The third approach is the one which has been selected
for the hazard classification procedure. This approach
is to base the decision on the results of the effects
testing. The mass explosion test is done first. If

the TNT equivalency is found to be greater than or equal
to 10 percent, the material is classified as 1,1A (mass
explosion hazard)., If the equivalency is less than 10
percent, the mass fire test 1s done to determine the
classification. '

Tube Transition Test

The purpose of this test is to determine the process vessel length
required for a burning reaction (flame) to transition into a detonation
in the process material being evaluated. The test is for materials in
a volume (bulk) as opposed to materials in a layer configuration. The
“critical height" test has been a somewhat standardized technique for
obtaining this information. A short description of this test (taken
from Ref. 19) is presented in Figure 34. This test appears to be a
realistic simulation of the transition from a submerged flame to a deto-
nation in process vessels such as hoppers or other bulk material storage
containers.

When reviewing this test, several problems were noted. First, black
seamless schedule 40 pipe may or may not be representative of the actual
process vessel wall being evaluated. This type of problem turned out to
be unavoidable in the final test configuration chosen for this hazards
classification procedure. This will be discussed later. Second, the
height to which material is filled in the pipe and the overall pipe
length are veriables which will influence the results. In order to mini-
mize the number of tests required, these variables should be fixed in
some way that is representative of the actual process vessel being evalu-
ated, e.g., fix the ratio of material height to tube height. Third, if
the test sample material is in a loosely packed form, as many process
materials are, and the transition to detonation or explosion is relatively
slow, the sample material will be blown out of the top of the tube making
the interpretation of results somewhat difficult. Fourth, and most im-
portant, the criteria for a positive reaction in the critical height test
is an "explosive reaction" of any type, not necessarily a detonation.
From the standpoint of hazard, an explosive reaction of any type 1is the
concern. It really doesn't matter as much whether or not a detonation
is achieved. However, from the standpoint of minimizing the number of
variables which must be considered as well as interpretation of results,
a detonation is a much cleaner criteria, A nondetonating explosion of
the test pipe i{s primarily a problem of pipe structural failure. The
response of the pipe wall (which in the test may not be representative
of the actual process vessel) to the pressure buildup inside is the pri-
mary phenomena being tested. In addition, the length of empty pipe above
the top of the sample in the test will add strength to hold the pipe
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together during a pressure (nondetonating) explosion, Because of the
increzsed number of variables which must be considered and increased
uncertainties in interpreting the results with "explosion" as the cri-
teria, it was decided to use buildup to detonation as the criteria for
transition in the hazard classification procedure. with detonation as
the criteria, variables such as pipe length and void snace length should
only have a minor influence, if any. In addition, to avoid blowing out
the sample through the open top of the apparatus, it was decided to close
off the test container. If this affects the results in a test, it will
shorten the length for buildup to detonation and yield a more conserva-
tive answer.

The "tube transition” tests conducted under this project are de-
scribed in Table 18. Three types of apparatus are referred te in the
table. Thase reflect different concepts which were evaluated during
the program. The three test apparatus types are described in Figure 35.
These represent an evolution forced by problems encountered at each
step. The type 1 apparatus is similar to the "~ritical height" test shown
in Figure 34 exc=pt the tvbe is completely full of sample at the actual
process bulk density, it is capped at both ends (witness plate added),
and the wall thickness and material {s that used in the actual process
vessel. Tests are begun a- a diameter approximately 20 percent longer
than the critical diameter and the diameter is increased to develop a curve
of critical length for transition versus tube inside diameter. The cri-
tical length should generally increase as the diameter is increased,
since a single sized initiator is used regardless of diameter. In an
attempt to further idealize the test and identify a single characteristic
critical length, the Type 2 apparatus was tried. This configuration was
the same as Type 1 except the initiation source was maintained at a con-
stant energy per unit area with a constarnt density of squib initiators.
By maintaining a constant initiation energy 7 :r unit area, the critical
length should decrease asymptotically to a constant (large diameter)
critical length value. Unfortunately, both the Type 1 -and 2 configura-
tions had the s~1e very important weakness. Because the tube walls were
generally quite weak compared to the internal pressure buildup, many
times the tubes exploded from the internal pressure well before a deto-
nation could be established. Alternatively, the cap or plate at the ini-
tiation end would be blown off or punched through. Based on the Type 1
and 2 test results, it was clear that the vessel would have to be quite
strong in order to allow a detonation to develop in many sample materials.
The Type 3 configuration eventually evolved. Only three tests were con-
ducted in this apparatus (one with RDX, one with M26 and one with Ml).
This was not enough to unquestionably validate the test, however, the
results were quite promising and the procedure for the tube transition
test was based on this configuration. It is suggested that a more ex-
tensive experimental evaluation of this test configuration be conducted
prior to imposing it as a hazards classification test requirement.
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Test

Lese designation

1 CL-M26-1-.125
Type 1

2 CL-M26-2-.125
Type 1

3 CL-M26-.5-.125
Type 1

& CL-M26-1-.125
Type 1

5 CL-M26-4-.125
Type 1

6 Cl-M26-2.875-.
Type 1

7 L-M2£-2-.125%
rype 1

8 CL-¥26-2.875-.
Type 1

9 CL-M26-4-.125
Type 1

10 CL-M26-.5-.125
Type 2

R s et U R e
¢

'Y

Date

7/07/178

7/07/17°

7/25/18

7/20/178

7/20/78

125 7/20/178

7/25/18

125 8/01/78

8/01/178

8/01/78

Table (8
Tube transition test results

Observation
of witness

plate

Stightly dished
plate

Dished with
hole through

Slightly dished
plate

Dished with
hole through

Slightly dished
plas.:

Slightly dished
plate

Cished with
hole through

Slightly dished
plate

Siightly dished
plate

Dished with
some shear

Results

No velocitv available;
visual obscrvation of
apparatus indicates
critical length at
41.9 cm,

No velocity available,
visual observation of
apparatus indicates
critical length at
30.5 cm.

No velocity avzilable.
visual observation of
apparatus indicates
critical lenpta at
29.5 em.

V=4200 m/vec, calcu-
lated criticai iergth
17.3 cm, observed
critical length 22.5 ¢m.

No velocity available.
visual observation,

used 3 45.7 cm long tuhe,

for 20.3 cm the tuhe
held then split and
twisted for remaining
length, no critical
length could he de-
termined.

No velocity available;
visusl observation,
used a 45.7 cm long
tube; it split the en-
tire length; nocritical
length could be deter-
mined.

No velocity available,
Visual observation of
apparatus indicates
critical length at
30.8 om.

No velocity available:
visual observation,
some unburned material
on witness plate indi-
cating no detonation,
no criticai lenpth
could be determined.

No velocity availahle,
visual ohservation,
some unburned material
thrown over ficid indi-
cating no detonation;
no critical length
could be determined.
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Remarks

Problem in oscillo-
scope trigpering and
recording; bad scope
record obtained, used
light pipes and scope.

Problem in oscillo-
scope trigpering and
recording; bad scope
record obtained, used
light pipes and scope.

Probiem in oscifio-
scope trigpering and
recording, bad scope
record obtained, used
continuous resistance
probe.

Good record. used con-
tinuous resistance
probe.

Bad scope record ob-
tained, used continu-
ous resistance probe.
See Note 1.

Problem with oscille-
scope triggeriny, bad
scope record obtained,
used ccotinuous resis-
tance probe. Tc« Note 1

Problem in oscillo-
scope triggering, had
scope record ohtained,
used continuous resis-
tance probe. Sce Note 1.

Bad scope record ob-
tained, used con inuous
resistance probe, cover
and witness plates
backed by earth See
Note 1.

Bad scope record ob-
tained; used continuous
resistance probe. cover
and witness oiates
backed by earth, hoth
thrown from pit. See
Note 1.
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Table 18 (contd)
Tube tranaition test results

Observation

, .
Test desll:n!a!tion Nate of witness Results Remarks
! gt —plate N
) 11 CL-M26-1-.125 8/01/78 Dished with No velocity available, Used one S-65 squib;
l Type 2 hole through visual obaervation of bad scope record ob-

apparatus indicates
critical length ac
22.9 cm.

tained; used continu-
ous reaistance probe.
See Note 1.

12 CL-M26-2- 125
Type 2

8/02/78 No velocity available,
visual observation,
some material around,
no critical length

could be determined.

Used five S-65 squibs;
bad scope record ob-
tained; used continu-
ous resistance probe
See Notes 1 and 2
CL-M26-2.875-.125 B/02/78 Oished plate

No velocity available. Used nine S-65 squibs:

(]

Type 2 visual observation, bad scope record ob-
_ sone unburned material tained. used contin-
around, no critical uous resistance probe.
length gould be de- See Notes 1 and g
” termined.
14 Cl-Ml6-4-.125 n?.." 78 Slightly dised No velocity available, Used 13 S-65 squibs;
Tyoe 2 plate visual observation, bad scope record ob-
: some unburned material tained, used continu-
around: no critical ous resistance probe.
length could be Sce Notes 1 and 2.
determined. .
15 CL-M1-. 10/03/78 Plate still Octonation did not de- Initiation by a 2.54cm
Type 2 attached to pipe velop within the 61 «m Adcep black powder laver
long pipe. with one squib per eacr
squave inch.
16 CL-M1-1-540 10/03/78 Neplipible Detonation did not de- Inftiation by a 2.5 cm
Type 2 damaze velop within the 61 cm  deep black powder layer
long, pipe. with one sguib per each
square inch
17 CL-M1-2-540 10/03/78 Nepligible Detonatfon did not de- Inftiation by a 2.54 cm
Type 2 damage velop within the 61 (m deep black powder layer
long pipe with one squlb per each
aquare inch
18 Ci,-M1-4-840 10/03/78 Plate still Dctonation did not de- Initiation by a 2.54 cm
Type 2 attached to velop within the 61 ¢m  deep bl ck powder layer
pipe longp, pipe with ore squib per each
square inch .
19 CL-M26- 5-S40 10/03/78 Nepligible Crittcal lenpth {is Initiation by a 2.54 cm
Type 2 damay.e about 47 cm deep black powder layer
04 2540 m/s with one squib per each
» square inch
CL-M26-1-540 10/03/78 Plate dished Critical length {s lnitfation oy a2 2.56 cm

Type 7 - ahout 4.5 ¢m.

deep black powder layer
02 3900 m/s

with one squib per each
s:;uare inch

‘ &l CL-M26-2-540 10/061/78 Piate shattered Critical length {8 Initiation by a 2.54 cm
, Tvpe J into aumereus about 46.7 cm deep black powder layer
: . pleces 0~ 7600 m/s with one squib per each
V. - square inch
.i 22 CL-M2h-4-560 10/03/78 Plate siightly  Apparently did not ce- teftiation by a 2.54 cm
] Type 2 disbed tablish a diionaticn dieep black powder layer
{ o with one sguih per each
¢ square inch

! dgstablished detonation velocity

1

{
7
{
{
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Test

24

Rotes:

Test
deslgnation

CL-RDX-.5-540
Type 2

CL-RDX-1-540
Tvpe 2

CL-RDX-2-540
Type 2

CL-RDX-4-540
Type 2

CL-M26-2.5-5160
Type 3

CL-RDX-2.5-5160
Type 3

CL-M1-2.5-S1¢0
Type 3

Date

10/04/78

10/04/78

10/04/78

10/04/78

11/78

11/78

11/78

.40 @ - Table 18 (concl)
Tube transition test results

Observation
of witness

plate

Clean hole
through plate

Clean hole
through plate

Plate still at-
tached to long
banana peels
of pipe

Plate broken
into several
plieces

Misaing

Circular slug
found

Minor

Results

Critical length is
about 24.9 cm.
D %3550 m/s

Critlcal length

about 1 27 cm. Detona-
tlon velocity about
1400 =/s

Nata not useable; .ip-
parently did not
detonate, pipe banana
eeled along entive
ength,

Critical lenpth « 5. 3em
Metonation velocity
6277 m/s

Critical lengh is
approximately 20.3 cm
based on fragments and
9 1 cm based on contin-
uous velocity probe.

Almost Instantaneous
transition to detona-
tion.

Detonation did not
Jdevelop within the
121.9 cm pipe lenpth.

1. Pressure vesrel explosion - tube wall and/or cover plate failed
before detonation could be established

2. Type ]| serles uscs one inltlating §-65 squib with 12 pm of black
powder in cloth bag.

3. Type 2 serles uscs one initiatlng $-65 squib per square Inch
of cross section with 2.5 .cm thick laver of black powder at a
bulk density of 0.96 pm/cm”.

11

Remarks

Initlation by a 2.54 cm
deep hlack powder laver
with one squib per each
square inch.

lnitiation by a 2 54 ¢m
deep black powder laver
with one squib per each
square inch.

Inltiation by a4 2.5% em
deep black powder laver
with one squib per cach
square inch.

Initiatlon by a 2.5%4 ¢m
deep black powder laver
with ene squib per cach
square inch.

None

None

None




Seamless tube of wall thickness
and material in actual process

Sample

- Witness plate

12 mg bag of black powder
with squib igniter Continuous velocity probe

Type 1 S
Matrix of squib igniters, Continuous velocity probe

one per in% connected in parallel
”””””ﬂj:FcC\’

lag——— Witness plate

Sample

2l Ll L Ls PO TIOOTINA

-
Layer of black

powder (12 mgp/
6.45 cm?) Seamless tube of wall thickness

and material in actual process

High pressure cap Type 2

for schedule 160 pipe

Continuous velocity probe
| /_ S
//‘_///Z(////////,I/////////7//////;-’)!..___..!:j,."_’:.--':‘:“llllr

Samptle

////////////]//////////////////

1
5 mg bag of black powder ‘\\\\__ Seamless schedule

with squib igniter 160 pipe

Witness plate

Type 3

Fig 35 Tube transition test types
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Type 3 Critical Length Test Results

The three Type 3 tests which were completed are described in Table
19. Tests were conducted using M26 paste, RDX slurry and Ml strands.
These tests were done primarily to evalute the test method rather than
to determine the critical lengths. To reliably determine the critical
length for any material, séveral repeats should be done at each condi-
tion and tests should be done at several diameters. The shortest criti-
cal length result as extrapolated to the full scale should be chosen.

Table 19

Type 3 tube transition

Tests completed
Designation Material Sample weight
CL (Type 3) 1 M26 2.31 kg (5.09 1b)
CL (Type 3) 2 RDX 3.11 kg (6.84 1b)
CL (Type 3) 3 M1 1.25 kg (2.76 1b)

o Loaded in 20 increments to obtain relatively uniform density

e Tested with pipe horizontal in arena

The setup for the RDX slurry test is shown in Figure 36. The top
photograph shows the initiating end of the pipe after (1) the witness
plate was welded to the far end of the pipe, (2) the continuous velocity
probe and squib leads were positioned along the inside pipe walls, (3)
the sample was loaded in increments to obtain a fairly uniform density,
and (4) the 5 gram black powder bag with S65 squib were connected to
the squib leads and placed at the end of the pipe. Next the pipe cap
was screwed on and the pipe positioned in the field as shown in the lower
photograph. The horizontal orientation is used to catch the fragment
remains in an arena.

The fragment remains from the three tests are shown in Figure 37.
The continuous velocity probe results for these tests were not quite as
clear as those obtained in many of the prior tests, but corresponded
esgentially to the fragment results. The RDX (from fragments and scope
record) initiates detonation almost instanteously. Thus, for RDX slurry
the critical length is negligible. For M26, the fragment remains indi-
cate that the critical length 1s approximately 20.3 c¢m (8 in). The
scope record indicated that the critical length is 9.1 em (3.6 in). The
prior critical length test results also gave a longer critical length
based on the fragments than based on the continuous velocity probe scope
record. The smaller value is more conservative and should be used.
Both the fragments and the scope record indicate that the Ml strands
will not develop'a detonation within 1.22 m (4 ft). Therefore, the cri-
tical length for M1 is greater than 1.22 m and perhaps Ml strands cannot
develop a detonation in‘the 6.35 cm (2.5 in) ID tube used.
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Fig 36 Type 3 critical length test setup
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(b) M26 paste (c) Ml strands

Fig 37 Type 3 critical length test fragment rema-ns
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Critical Length Instrumentation

As was mentioned earlier, the critical length can be determined by
two methods: from the fragment remains or by measuring the reaction
front velocity. The technique used to estimate critical length from
the fragment remains i1s illustrated in Figure 38, To measure the reac-
tion front velocity, continuous resistance velocity probes were used,
however, rather than using thin soft aluminum tubing for the probe outer
casing as 1s typically done, thin stainless steel tubing was used. This
made the probe infinitely more durable, It would have been quite dif-
ficult to load the test vessels without crushing the aluminum tubing.
The steel tubing was quite rugged while of negligible strength in the
detonation environment.

-Pipe cap

Fig 38 Typical fragments from successful critical length test
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The information obtained using a continuous velocity probe 'to deter-
mine critical length is shown in Figure 32, The voltage signal is di-
rectly proportional to ‘tffe location at which the tube is just being
crushed onto the resistance wire within it. While the reaction is in-
tensifying, the probe is "slapped around" and/or temporarily crushed
giving a random oscillating signal. This signal is used to trigger the
oscilloscope sweep. The point at which a detonation begins can be clearly
identified from the record and the critical length computed. As men-
tioned earlier, the critical length as determined from the oscilloscope
record was generally less than that obtained from the fragment remains.

Critical Layer Thickness and Layer Transition Tests

The next two tests are completely analogous to the critical diam-
eter and tube transition tests, except they are relevant to materials
which exist in layers rather than in "bulk" configurations. The "cri-
tical layer thickness" test is analogous to the critical diameter test
and the "layer transition" test is analogous to the tube transition test.
In each case, much of the basic principles and philosophy discussed ear-
lier for the "bulk" configurations still apply and will not be repeated.

Since the M30 pellets are found in a drying process in a layer, the
transition tests conducted in tubing or pipe sections are not relevant
for the M30 sample. To determine whether or not the pellets can propagate
a detonation in the layer configuration, critical layer thickness tests
were required. In these tests it was found that a dctonation might be
provagated inr a 7.6 cm (3 in) deep layer. This was a borderline test
result. Because of this result, a layer transition test was also con-
ducted in order to determine whether a burning reaction can develop into
a detonation in the first place. It was found that a 7.6 cm (3 in) deep
layer of M30 pellets could not develop a detonation from a flame ignition
source within the 1.37 m (4.5 ft) test length.

Critical Layer Thickness Tests

The critical layer thickness test arrangement is shown in Figures
40, 41 and 42. Four 2,54 cm (1 in.) thick steel witness plate were posi-
tioned in the field and provided a rigid bottom surface. Angle irons
were used as side wall for the trough. A triangular C4 explosive booster
(nearest to the camera in Pigure 40) was used to develop a fairly flat
detonation wave. A shorter rectangular block of C4 further flattened
the detonation front before it reached the M30 pellets in the trough.
To prevent the shock wave from merely throwing the pellets out at the
initiating end, a short steel plate covered the pellets at the booster.
Pellets filled the trough approximately flush with the top of the side
walls, The first critical depth test involved pellets in a 7.6 cm (3 in.)
deep layer. The witness plate remains are showu in Figure 43, The de-
tonation clearly weakened in intensity as it travelled farther from the
booster. The last witness plate was only slightly bowed. Based on wit-
ness plate damage and reaction front velocity profile, it could not
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Typical coscilloscope record
(two traces with time axis doubled in bottom trace)

Note: Voltage corresponds to probe resistance since a constant current source
is used. Probe resistance is directly proportional to probe length.

Beginning of stable detonation;
corresponds to critical length

Voltage Stable detonation

Voltare of leads

Volzape of probe
: remains plus leads
Trigeer
time

,l \ Critical

Al e

Ag}vcltan Voltare of probe nlus leads

» Time

Fig 39 Ideal record from continuous velocity probe
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Fig 41

Critical depth test arrangement (view 2)

119

o &



A T T 2 TTTTTTwle e

. o S % 2 - s -

tlrl:'..‘ T
o o

Fig 42 Critical depth test number 1 filled

; L
-3 by
e
T
S0 e,
\1 o 2t
Ngiad
31
b
2
& .
2

Fig 43 Critical depth test number 1, posttest witness plates

120



o e o

.

. e -
Sl 0 i e il e e

il

At s -

e Y 2 4

| 52PE

_,i'.--:;-*_-.— ey

definitely be cstablished that the detonation would have died in a longer
distance. The test gave a bcrderline result and was therefore considered
to be a "Go" to assure conservatism. The second ctitical depth test in-
volved a 5.1 cm (2 in) deep layer of pellets. The witness plate remains
for this test are shown in Figure 44, Unhurned pellets were found scat-

tered in the field and the last witness plate remained flat. This test
was clearly a "No Go",

Layer Transition Test

Since a 7.6 cm (3 in) layer of M30 pel’ets might be able to propa-
gate a detonation, a layer transition test was required to help deter-
mine whether or not a detonation could develop in the first place from
a flame ignition source. The layer transition test configuration is
shown in Figure 45. A steel trough 7.6 cm (3 in) deep by 15.2 cm (6 in)
wide by 1.37 m (4.5 ft) long held the sample. Ignition occurred at the
end nearest to the camera in Figure 45. A gas burner was usad to ignite
a group of pellets which in turn ignited the sample material in the
trough. Reaction front velocity was observed using a continuous velocity
probe at the bottom of the trough and a series of eight light sensors
along the length of the trough. A detonation did not develop, therefore
the continuous velocity probe did not give a signal. The light sensor
data is presented in Figure 46. The reaction front velocity 1s seen to
ve increasing but a detonation is not achieved within the 1.37 m (4.5
ft) trough length. Even though the velocity 1s increasing, detonation
is characterized by velocities on the order of 2000 m/s or greater,
which 1s about four orders of magnitude above that measured in this test.
It appears quite unlikely that a detonation could develop even giver a
larger trough. Thus, the most likely consequence of a small flaming 1g-
nition in a layer of M30 pellets is the spread of fire. It is also pos-
sible that a detonation originating in an adjacent equipment item could

propagate through a layer of M30 pellets which is 7.6 cm (3 in) deep or
more.

Mass Explosion Test

This test is to characterize the effects of the mass explosion of
the sample material in its process contailner. The test as described
here is quite similar to the "INT equivalency" tests which have been
conducted on many energetic materials for safe.design and layout of pro-
cess plant structures. "INT equivalency" tests generally model the ac-
tual process vessel configuration. The container geometry is quite im-

portant to determine near field air blast effects and tests incorporating

container geometry scaling will be the most realistic in terms of blast
effects.

Under this program, a fimpler approach was evaluated.
modeling the actual process vessel geometry, a hemispherical
at graund level was used to deteimine a
INI equivalency.

Instead of

container
geometry independent "energy"
This approach is adequate for hazards clagsification
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purposes, but airblast data from tests conducted with geometric sceling
are somewhat more accurate and are naturally also acceptable, For haz-
ards classification, slug calorimeters were also positioned in the field
toe view the fireball to measure the energy pulse emitted by the fireball,
This i8 necessary in order to classify the fire hazard in some cascs when
the air blast is not significant encugh to classify the material as a
mass explosion hazard.

The configuration used in these tests is illustrated in Figure 47.
The test sample is packed in a thin walled hemispherical steel shell at
its inprocess bulk density. Initiation is accomplished using a hemis-
pherical C4 explosive booster as shown in the figure. Loading is accom-
plished by: (1) pouring a weighed out quantity of the sample into the
hemisphere, (2) pushing a void for the booster into the sample, (3) posi-
tioning the booster and thin masonite sheet onto the hemisphere and (4)
taping the masonite to the steel shell. The assembly is placed on a
2.%: cm (1 in.) thick steel witness plate ir the field. 1Two perpendic-
ular strings of pressure transducers (six pressure transducers per 'leg")
are arranged in the field t?/gezsure overg;gasure versus time for scaled
distanyes from about 1 m/kg (2.5 ft/1b*/7) to about 12 m/kg_l/3 (30
ft/1bl 3) Fastax film coverage is used to record fireball size and dur-
ation. Slug calorimeters at two radial distances from the explosion cen-
ter are used to measure total heat radiated from the firebail.

The sixteen tests conducted in this program are listed in Table 20.
An attempt was made to evaluate the eflects of sample mass, booster per-
cent, and steel shell wall thickness using as few tests as possible.
Two tests (Numbers 5 and 14) used a weak flaming blackpowder inftiation
svurce. As anticipated, detonation did not occur in these tests. A
high explosive booster is required. & successful mass explosicn test
involves the entire sample In the detonation process. These tests are
idealized in that it is assumed that the buildup to detonation involves
a negligible portion of the total =material. In rcal explosive incidents,

"with large volume process vesseis, this is often the case.

Three types of hazard exist in explosion incidents. Damage can be
done to structures and persomnel by the action of the blast wave, by

~ heating from the fireball, and by fragments. Fragments are not consid-

ered here. Any object within the firebail will experience significan*
heating by radiation and convection. Therefore, the maximum fireball

radius 15 the min{mum distance for separation, regardless of the other
hazards imposed. The fireball can inflict damage outside of its bound-
ary by radiative heat transfer ana this effect must also be considered.

The airblast data for the fourteen tests in whnich detonation occurred
are presented in Appendix D. Four figures are presented for eazh test.
In each case, the first figure stows peak overpressure versus scal .d
distance. The second figure presents scaled positive impulse versus
scaled distance. The thkird and fourth figures respectively give pres-
sure and impulse TNT equivalenci:s versus scaled distance.
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To summarize the blast wave results, each sample is discussed
briefly.

RDX For RDX slurry, two tests were conducted (at 0.68 kg and 12.1 kg
3?—samp1e and 3.4 percent and 0.1 percent boosters). The results were
essentially the same for these tests, indicating that the simple mass
and booster mass percent were sufficient (i.e., the results were not
dependent on either of these factors). Both pressure and impulse INT
equivalencies peaked at about 120 percent.

M30 Four tests were conducted using M30 pellets. Size _caling was eval-
uated using samples of about 7 kg and 13 kg both with booster percents
slightly above 1 percent. These two tests gave essentially the same re-
sults with about a 20 percent equivalency for both pressure and impulse.
Booster scaling was investigated with the sample at approximately 13 kg.
The maximum TNT equivalencies for these tests are presented below:

Booster Percent 1.35 3.24 10.5
Pressure Equivalency, percent 22 39 64
Impulse Equivalency, percent 19 46 63

Figure 48 shows that the equivalencies tend to level off just above the
10.5 booster percent.. Therefore the TNT equivalencies fer both pressure
and impulse will be approximately 65 percent.

M26 The results for M26 were not quite as consistent as those for the
other materials. Five M26 tests were accomplished. To evaluate the ef-
fect of the steel shell wall thickness, three tests were completed using
a 8.9 kg sample and a 1.2 booster percent. The equivalencies are shown
below for the three wall thicknesses tested:

Wall Thickness (cm) 0.079 0.159 0.318
Pressure Equivalency, percent 100 68 80
Impulse Equivalency, percent 120 90 130

No trend was obvious from these tests. To evaluate the sample mass ef-
fect, two tests weve conducted, using a 0.159 cm shell wall thickness
and 1.2 to 1.4 booster percent.

Sample Mass, kg 8,9 12,9
Pressure Equivalency, percent 160 70
Impulse Equivalency, percent 120 98

The decrease in equivalency with increasing sample mass must be due to

an anomaly in one of the tests. These results are not conclusive although
it is likely that we were above the critical sample mass for scaling.

Two tests were accomplished with a sample mass of 12.9 kg and

0.159 cm wall thickness to evaluate the booster effect.
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Booster percent 1.41 3.71
Pfessure Equivalency, percent 70 80
Impulse Equivalency, percent 98 100

These results are considered to be essentially the same indicating that
the results are independent of the booster percent above a value of 1.41
percent. Based on these results, it was concluded that the maximum pres-
sure equivalency is on the order of 80 to 100 percent, and the maximum
impulse equivalency is from about 100 to 130 percent.

Ml Three tests were completed with Ml strands. Each test used a dif-
ferent sample mass and booster percent:

Sample Mass, kg 3.98 5.13 5.92
Booster, percent 2.68 8.5 3.11
Pressure Equivalency, percent 8 22 25
Impulse Equivalency, percent 9.5 25 ‘ 24

Based on these tests it is clear that the pressure and impulse equiva-
lencies for Ml strands are both on the order of 25 percent.

As mentioned earlier, thermal effects are also evaluated in the
"airblast" tests. Fastax film coverage was used to determine fireball
size and duration. The fireball changes during the event and there is
some question as to how to - fine the fireball unambiguously. During
the first millisecond (ap,.vximately), the reaction is quite concentrated,
very hot and appears as a small white regicn on the film. This white
ball grows and cools until the time at wnich the shock wave can be seen
leaving the fireball., After the shock wave leaves, the fireball grows
very slowly and appears orunge on the film. The orange fireball grows
to a maximum size and begins to weaken in intensity and eventually be-
comes obscured by smoke and debris. The fireball sizes and times at
these different stages are given in Table 21 for the tests completed
on this program. Insufficient testing was accomplished tc show the scal-
ing of fireball size and duration with sample mass. In general, the
data was fairly random. Hcwever, based on work of this type done on
previous efforts elsewhere, we expect fireball radiug and duration to be
proportional to the sample mass to the 1/3 power, W3, From the view
point of plant safety, the maximum fireball radius is the most meaning-
ful of the choices shown in Table 21 and gave the 17ast data spread.
Assuming that fireball radius is proportional to wl/3 ye obtained the
following for the four materials tested:

ROM26) ~ 1.7 wi/3
R(RDX) ~ 1.5 wl/3
R(M30) ~ 1.36 wl/3
RML) ~ 1.47 wl/3

t
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Where W is Ih kilograms and R is in meters. Fireball duration was dif-
ficult to read consistefkiy from the film record. The duration which
gave the least spread of the data for any given material was the time to
obscuration. Therefore, time tc obscuration was selected giving:

T(M26) ~ 108 Wl/3

T(RDX) ~ 82 wl/3

T(430) ~ 156 wl/3

T(M1) ~ 137 wi/3
Where T is in milliseconds.

To scale the thermal pulse emitted by the fireball, a simple point
source model was choosen. The thermal energy per unit area, q, imping-

ing onto a target at distance x from the source can be expressed as

MAHS
q--—_

4nx

Where M is the sample mass, AH is the energy released in the reaction, -

and f is the radiated fraction of the total energy released. If we assume

that for a given type of sample, the product AH'f will be about constant,
or perhaps a function of the quantity of amaterial, the equation can be
simplified to

M
q = C—
X

Where the coefficient C may be a funection of sample mass. If tests are
done using several sample masses a trend should be identifiable and ex~
trapolation to full scale is possible.

The measured heat pulses from the mass explosion tests are presented
in Table 22 with the other parameters required to compute the coefficient
C. The last column gives the calculated values for C. TFigure 49 shows
the coefficient plotted versus sample mass for all the tests conducted. ‘
This includes all four sample matevials., The data clusters somewhat for
any specific sample material at a given sample mass, but there is a dis-
appointing spread in the data which could not be attributable to any
parameter variation. Booster mass does not seem to order the results
and distance from the source has only a minor influence. It is inter-
esting to note that the fireball heat pulse results for the two tests
using a black powder ignition source instead of a C4 explosive booster
were comparable to the other results. 1In terms of scaling with sample
mass, RDX shows a decrease in C with mass, M26 shows ar increase, and
M30 just shows a wider spread of the data. 1In all the cases, the sample
mass was not varied over a wide enough range and iasufficient tests were
conducte! to clearly identify the scaling of C with sample mass.
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Scaling of fireball energy pulse

Calorimeter = Sample

Measured
Test Sample distance mass M heat pulse q
(m) (kg) (3/m2)
AB-1 M26 6.1 13.5  8.989x 10°
AB-2 M26 6.1 13.3  1.26x10"
AB-3 M26 6.1 8.9 2.05x 10°
AB-4 RDX 6.1 12.0 1.10x 103
9.15 12.0 8.63x 10
AB-5 RDX 6.1 12.1 1.94 to 3.89 x 10>
(BP igniter) (avg = 2.92x107)
9.15 12.1 7.59 x 102
AB-6 RDX 4.57 0.68 3.29t05.22 x 102
' (avg = 4,26x107)
6.1 0.68 3.41 x 102
AB-7 M30 6.1 13.6 1.81to 2.47 x 102
(avg = 2,15x107)
.15 13.6 1.03x 103
AB-8 M30 €.1 13.5 5,13 103 '
9.15 13.5 2.87 x 10
AB-9 M30 5 7.2 2.16 x 10)
9.15 7.2 9,31x 10
AB-10 w30 [ 13.0  3.85 to7.92x10g
(avg = 5.89x107)
9.15 13.0 2.92x103
AB-11 M1 A 5.9 2.51x100
9,15 5.9 1.21 x 10
AB-12 M 6.1 B 3, 0% 103
9.15 5.1 1.46x 10
AB-13 M1 1 4.0 7.26 0 9.10x 10
(avg = 8,17x107)
9.15 4.0 3.88x 10
AB-14 M26 6.1 8.9 1.81t03.93 x 10
. (BP igniter) _ {avg = 2,87 x107)
.15 8.9 9,44 x 102
AB-15 M26 4.57 8.9 2.57 x 10>
6.1 8.9 2,16 x 105
7.62 8.9 1.63x 10
AB-16 M26 4.57 8.9 4.20t05.20x 10°
(avg = 4370x 107)
6.1 8.9 2.00x 10
7.62 8.9 1.52 x 10
132
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Coefficient C
(3/kg)
2.48x 10"
3.53x 10"
8.57 x 10

3.41x10

3
3
6.02x 10°

8.98 x 103
5.25x 10

1.31x 104

1.87x 104

5.88 x 10°

6.34x10

1.41x 10
1.78x 10

1.12x 10
1.08x 10

1.69x 10

P T

&~

1.88x 10

1.58 x10
1.72x 10

2.70x 10
2.,40x10

7.60x10

w S s

8.12x 103
1.20x 104

8.88 x 10

6.03x10
9.03x10
1.06x10

1.10x10

SO WWw W

8.36 x> 10
9.92x 10
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From the data we cgg identify values of C which may be representa~
tive of larger quantici%® of materlal, For M26 paste, the average of
the two highest data points is

CM26 ~ 3 x 104 3/ kg

If the Increasing trend shown by the data would continue with increased

sample mass, this value will not be high enough. For RDX sample, the
average of the four data points at 12 kg 1is

. 3
Copx ~ 5+9 % 10° j/kg

In this case, if the decreasing trend would continue, this value would
be couservative. However, based on the limited data available, we can-
not be certain that the trend would not change direction with increased

sample mass. The average of the four higher data points for M30 pellets
give a value of

4
CM30 1.7 x 10" j/kg

The average of the four highest values obtained for Ml strands is

4
c}il ~ 2.1 x 10 j3/kg

Although the fireball test data compiled during
wide scatter in computed values of C, the point

the radiated encrgy pulse is the nost promising
time.

this project gives a
source model for scaling
approach at the present

Once we are able to predict the radiated energy impinging onto a unit
area of target, how do we use this information to deteruine whether the

material represents a significant fire hazard and how do we specify safe
separation distances {f it is a mass fire hazard? :

Ignition or damape of a target by a radi
proximately accessed using a simple model that assumes ignition or damage
will occur when the surface temper

ature of the target is raised by some .
critical temperature increment AT.. This is not strictly correct because
the heat must penetrate the surface to some depth in order to ignite or
damage the target. However, the model should hold for a wide range of
cases and itc simplicity justifies its application.

ated heat pulse can be ap-

It can be shown (Ref. 20) that the rise in surface temperature AT
of a thick body receiving a

pulse of energy per unit area, q, is given
by
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Where T is the pulse duration, K is the materials thermal conductivity,
p is mass density, and C~ is specific heat.

Th.is equation can be rewritten to give the critical thermal energy per
unit area q. required to raise the target's surface temperature a criti-
cal amount AT, for ignition or damage within a time T

ATC YakpC
2

q. = £/T where £ =

The parameter £ characterizes the ignition or damage susceptibility of
the target to a thermal pulse. This parameter car represent a wide vari-
ety of possible targets ncar to or within a process plant. A separate
investigation could be done to identify the most meaningful parameter
values to use for classifying inprocess materials and ultimately for com-
puting safe separation distances. Such a study was not accomplished un-
der this project. Instead, values typical for black powder were chosen
to define the critical heat flux. The ignition temperature of black
powder for a short durztion stimulus is about 510°C (ATc~490°C), the
density of a black powder grain i, =bout 1.8 gm/cm3, and the specific
heat is about 0.2 cal/gm®K (Ref. 21). The “hermal conductivity of black
powder was not known. 1t is assumed that the graphite coating will domi-
nate the black powder thermal conductivity but the overall value is ex-
pected to be lower than graphites. Flake graphite has a thermal conduc-
tivity of 1 cal/sec cm®K at about 60°C. We assumed the black powder value
will be about half this number in the calculations. Using these values,
the critical energy gulse for black powder is about 7.71 x 106 /T j/m2
({.e., £ = 7.71 x 10 j/mz—sllz). In the hazard classification procedure,
the sample will be classified as a mass fire hazard if the fireball ra-
dius exceeds 3 meters or if the fireball produces this quantity of radi-
ated thermal energy within 3 meters of the process vessel. Values of

C and T are to be derived from the mass explosion test.

To illustrate this, consider the M26 p=zste data generated under
this project. Assume that the process vessel contains 500 kg of M26
paste. Based on relations given earlier in this section, the fireball
radius would be about 13 m. Already, thz material would be classified
as a mass fire hazard. Supposre however that the fireball were smaller
and that we have to consider the heat pulse from the fireball., The fire-
ball duration would be estimated co be 0,86 seconds. The critical heat
pulse required to ignite black powder over this duration is 7.15 x 126
j/mz. The coefficient for scaling tae fireball heat pulse is 3 x 10
j/kg. Therefore, at 3 meters from the target we would expect a target
to experience about
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a= (3x10° LR KE) = 167 x 10° §/m?
(3 m)

This is near to, but below, the required critical heat pulse. These re-
sults are not inconsistent in any way. They just say that the fireball
cize is a nuch more jominant influence than the heat raaiated from the
fireball to its surroundings in this case.

-

Mass Fire Test

The mass fire test is done when the following conditions are met:

1. the material exists in the process operation in an

open container (not a closed pPressure vessel) and
in a bulk configuration (not a layer or cloud)

2. the critical diameter or cri
dicate that the material is
if ignited.

tical length tests in-
not likely to detonate

In other words, the mass fire test is done when it is likely that the
Y tonsequence resulting from an ignition of the material in its process
} container will be a stationary fire, not an explosion or fire spread on

the surface of a layer of material. Since wany process materinls carry
their own oxidizer, burning within the bulk of material accompanied by a
pressure buildup and resultant fireball 1is also possible. The purpose

ation distances required between
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rder to prevent firespread or per-
sonnel injury by remote radiative heat flux.

t
H
¢
1

Pertinent Theoretical Background

The physical problenm being evaluated b
in Figure 50. Material in an open top

in the container in one of two ways. If the burnirg process proceeds
relatively slowly a fire plume will emerge from the top surface; the
burning will Proceed analogous to a candle burning (Type 1 bulk burning
event). This situation is expected to be by far the most common for ma-
terials which are not routed to the mass explosion test. Alternately,

the burning can proceed quickly in depth below the surface. In this
case, it is possible that the re

pressures sufficient to blow out
ball (Type 2 bulk burning event).
this type of test, we cannot
phenomena will occur.

y the mass fire test is shown
ped container is ignited and burns

the reacting material generating a fire-
Without more experience in conducting
predict with certainty before a test which
Therefore, we must be Prepared to collect the
types of events in a bulk burning test. To de-
for the two types of events, each event is dig-

SR
(2]
c
7]
[<:]
(3]
=N
[ay)
c
a]
r
b=
1]
La ]
o
1]
bt
[o]
2

i 48 v

128
A

e

— . ey 2o

g D e e e e TR v
. : ]

[ 4

RO % St
’



s

e

o amaar yE—— e Y R

[

c e
-~

e el il
7 RESR SRS o NS L P4

-
e

R A-jriing AT 2

g

Target

Event type 1 - surface burning

Source

Target

Event type 2 - burning it depth
wvith subsequent explosive fireball

Source

7ig 30 Muss fire physical problea

137



o et - <t

-l

T~

S et

The first type of event is the stable stead
material down from 1its top surface.

a fire column above the top surface o
The fire columm will radiate thermal

tify the domirating faraneters,
column can be descrited in the

y burning of the process
This buraing behavior wvill produce
f the material in {ts container,
energy in all directions, To iden-

the radiative heat flux from the fire
following way.

We know that a quantity of energy per unit mass, AH., 18 atored
chemically in the sample. Depending on how efficiently the combustion
process proceeds, a fraction f1 of this energy is released in the chemi-
cal reactiou. Some of this released erergy is convected upward with the
hot gases in the fire colum and scme {a fraction £5) 1s radiated in all
directions from the fire columm. The fraction of energy radiated depends
on the flame properties (its absorption coefficient and thickness), O0f
the radiated energy, we are interested in the fraction which izpinges on
the target. for a distant* target the fraction of the radfant elergy
impinging on the :argat will be A/uTR® where A is the target surface
area and R i{s the distance from the source to the target. Thus, for

this type of event, the radfant heat flux per unit terget surface area,
qrs will be

Where ﬁv is the rate of mass congsumption during the combust fon process,
which is the sare as the sample weight loss r

ate. Thus. in experimentally
evaluating a "Type 1" bulk burming event ‘he following points should be
considered:

® The materfal depth in the contafner can influence burn-
ing rate per unit surface area, Therefore, several depths
should be tried to assure that the depth 1s sufficiert so
that the material acts as though {t were infinitely deep
or at least as deep as in the actual process vessel.

Burning rate (weipht loss rate) must “e mecasured to eval-
uate this effect.

® The breadth of the sample can influence burning rate per
umit area by cooling at the outer diameter, Therefore,
several breadths should be trfed to assure that the bound-

ary inf{luence 13 no longer signfficant, - Weight loss rate
should be measured here also,

®  Flame thickness and the effective absorption ccefficient
will contr>l the fraction of energy radiated from the

flame. Ve will assume that buming any matevial will pro-

duce fairl: consistent ftre products (smoke gases and

* Distant implies that the flase is

small compared to the distance, {.e.,
the flame looke lfke a poiat sourc

e of radiant energy.
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particulates). Therefore, flane emissivity will be
controlled prima? y by the flame thickness. Several
tire diameters should be tried to evaluate this in-
fluence. However, there is no need to have a diameter
greater than exists in the actual process vessel.

The second type of bulk burning event results in a fireball. The
concepts for this case are essentially the same as those discussed al-

ready for the mass explosion test fireball and will not be repeated here.

ixperimental Evaluation

The best candidate sample material for evaluating this test was the
Mi strands. TFour mass fire tests were conducted using Ml stiands in meral
cylindrical containers (length to diameter ratio of 1.0) with diameters
15.24 cm (6 1in), 23 cm (9 in), 30 cm (12 in) and 41 cm (16 in). Initia-
tion was accomplished using an $65 squib in a 5 gram bag of black powder
centered on the top surface of the sample material. As the sample burned;
its mass was measured using a force transducer through a lever amm as
shown in Figure 51.

In this type of test, we do not know beforehand how quickly the
sample will burn. It can bum very quickly, building up pressure in
depth within the material, throwing out the material and producing a
fireball. Conversely, the material can burn rzlatively slowly producing
a "bunsen burmer" type flame sitting on the top surface.

If the reaction is quick resulting in a fireball, calorimeters must
be used to measure the heat pulse's total heat emitted per unit area.
In this case the event duration is obtained from movie coverage and the
mass of material assumed to contribute cnergy 1is the total weight of sam-
ple present. If the reaction is relatively slow resulting in a long dur-
ation flame, radicmeters must be used tc measure the heat flux. For this
case, the force transudcer provides the weight loss profile and flame
geometry is obtained from the movie coverage.

Before conducting the tests on M1 strands, we did not know which
burning behavior to expect. Therefore, we were prepared to collect data
for both types of event. Both radicmeters and calorimeters were present
and both regular (32 frames per second) and fastax movie coverage were
used. In all four tests conducted using the Ml strands, the slower "bun-
sen burner" type burning occurred. We expect that this will be the more
common type of result for inprocess waterials which are categorized as
fire, rather than explosion, hazards based on the screening tests. Al-
though 1f a quick "fireball" type of reaction occurs, the remote heat

flux data can be analyzed in a mamer identical to that which was done in
the mass explosion tests.

Since our test results all involved the longer duration burning, the
discussion which follows is oriented toward that type of event. The pur-
pose of the investigation which was conducted was to identify the most
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promising technique of correlating the data so that remote heat flux
produced in full scale process fires can be extrapolated (scaled) from
small scale test data. Two approaches of correlating the data were in-
vestigated. The first approach (Approach 1) is based on the remote 2
heat flux being proportional to the distance from the flame squared, L<:

q = C% where C is a constant
L

We hoped to find that C is truly a constant or shows a clear trend as
the test container size is increased. Unfortunately, in the four tests
which were conducted, C was not as well behaved as was hoped. This was
probably due to an anomaly in the fourth test and does not necessarily
invalidate the technique..

The second approach which was tried (Approach 2) considers the
flame as an area source of heat; it was assumed that a well behaved or
constant effective flame temperature, Tg, can be defined for any sample
material and that variations in remo:e heat flux can be explained based
on a simple radiative heat transfer model of the form:

§=(1-e) p(r -1ty

Syt

€¢

Where €¢ is the flame emissivity, a is the absorption coefficient, d is
the flame diameter, F is the configuration factor as given in Figure 52
(a function of flame shape and distance to the target), O is the Stefan-
Boltzmann constant and T, is the ambient temperature. Using approach

2 the results seem to scale somewhat better for the available data,

To evaluate approach 1, the constant C was computed from the ex-
perimental data at selected times after iritiation. The results of these
calculations are given in Table 23. The value of C was found to be fairly
constant at any tize for each test (i.e., independent of target distance)
showing that distance squared scaling §s reasonable. In most cases, C
was even fairly constant ovar time for any individual test. The constant
did change however for the different tests showing a dependence on con-
tainer diameter. This dependence is plotted in Figure 53. The shape of
the curve and particularly the extreme drop in C at the 41 cm (16 in.)
diameter was unexpected and should be verified with more tests if scal-
ing by approach 1 is to be used. The 41 cm diameter point is questic..-
able since a quantity of sample material was thrown out of the container
about 15 seconds after the test began. After 15 seconds a pile of bum-
ing material lay next to the test container. Two large flames of about

equal intensity continued to burm next to each otuer for the remainder
of the test,
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Estimation of the constant C for approach 1

Table 23

B

S e R =

- Cc Average C
Test Time Distance Heat flux Weight loss 2 2
2 rate dm Jm
(sec) (m) (w/em™) tgidaac) ( -——2) -3
‘gm cm gm cm
BIB-1 5 1.52 0.260 " 22.16 0.027
e e N L 5 3.05 0.082 N 22016 0.034
e Y 31 1.52 0.539 "~ 22.16 0.056 5 e
y 8 31 3.05 0.165 A 22,16 0.069 :
38 1.52 0.640 A 22,16 ©.0.067
38 3.05 0.178 " 22 16 0.075
BIB-2 7 4.51 0.069 12,98 0.112
7 6.10 0.039 12.98 0.111
Al FEn = 939 cn 4.57 0.067 12.98 0.108 P
W= 4.21 ke 12 . 6.10 0.036 12.98 0.104 :
24 4.57 0.201 62.65 0.067
24 6.10 0.117 62.65 0.069
BIB-3 10 6.10 0.068 0
10 9.15 0.024 0
ke A 6.10 0.156 59.02 0.092
B =0l I8 22 9.15 0.056 59.02 0.074
31 6.10 0.138 59.02 0.082 0.8k
31 9.15 0.051 59,02 0.091 b
44 6.10 0.227 102.15 0.083
44 9.15 0.096 102.15 0.079
BIB-4 5 6.10 0.149 322.34 0.017
- 3 7.62 0.073 322,34 0.013
P A, 2 9.15 0.065 322.34 0.017
c g 5 12.20 0.034 322.34 0.016 0.018
10 6.10 0.175 322.34 0.020 :
10 7.62 0.109 322.34 0.020
10 9.15 0.079 322.3% 0.021
10 12.20 0.050 322,342 0.029
19 6.10 0.579 (1317 + other  0.016+0.008
19 7.62 0.404  pile, ~ 2724  0.018- 0.009
19 9.15 1.306  total) 0.020- 0,010
19 12.20 0 200 0.023-+ 0.011

39,53 kg of material was thrown out at 15 sec.
on the gound next to the test container for the remainder of the test.

143

A pile of sample burned



0.10

0.08

0.046

0.04

0.02

| ] ] I
- -
I 1 | 1
0 n M {0 &40
Container Jdianeter {(cml
L 1 1 i | ]
0 3.94 7.87 11.81 15.75

Coatainer diameter (in.)

Fig 53 Constant C versus container dfameter

14y



L
~

Burning rate is also needed in order to scale q using approach 1.
Burning rate‘(weighp logss rate) is plotted as a function of container
diameter in Figure 545% 94 fairly well behaved curve was identified and
scaling of this parameter is reasonable. The major problem with approach
#1 is that the parameter C is not well behaved according to our data;

therefore, it would be difficult to extrapolate -C to larger container
sizes.

In approach 2 the effective flame temperzture is computed from ex-
perimental data using the relation

. 1/4
T, = _'(-1&3—' +T %
- "rg 2

The calculations are summarized in Table 24 and the resultant effective
flame temperature profiles are plotted in Figure 55. The maximum flame
temperature from these tests is plotted versus the container cross-sec-
tional area (sample exposed surface area) in Figure 56. The four tests
are not adequate to show that all materials will scale in the same man-
ner, but for Ml strands a clear trend is identified with the effective
flame temperature decreasing and leveling of f at about 815°C (1500°F) to
870°¢ (1600°F) at large container diameters. Thus, in the case of Ml

strands, the maximum effective flame temperature seems to scale quite
well.

In order to predict maximum heat flux for full scale process vessels
using approach 2, we must also be able to scale €f and F. Both of these
paramecters are functions of the flame diameter and height.

The maximum flame height is plotted in Figure 57 as a function of
container diameter and the ratio of flame diameter to container is plotted
in Figure 58. Both flame shape parameters seem to scale reasonably well
as the container size is increased. For conventjonal fuels, Thomas
(Ref 24) showed that scaling the flame's length to diameter ratio (L/D)

can be accomplished using a dimensionless burning rate parameter in the
following way

L A 8 :
T- a(_m_)
0../an

Where &' is the fuel generation rate per wntt area, P; is the density of
ambient air, g is the gravitational acceleration, D is the flame base diam-
eter, and @ and 8 are emperically derived constants. For conventional
fuels a=42 and B=0.6l. For the four tests using M1 strands, a very good
fit to the experimental data can be obtained by using the flame diameter
instead of the container diameter with a=23. 32 and 8=0.65. Using the
technique, the calculated observed L/D ratios compare as indicated below
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Test No. Calculated L/D Observed L/D

BIB-1 1.11 1,05
BIB-2 4,1 4,33
BIB-3 2.43 2.59
BIB-4 7.96 8.43

All the parameters required for scaling by approach #2 appear to be
well controlled, particularly as the container size is increased.
fore, approach 2 is the priniary technique proposed for use in the haz-
ards classification procedure. In the hazards classification procedure,
this technique is simpliiied somewhat by combining parameters.
will be required to estimate an effective flame emissiv
O(Tfa -~ T,%). By plotting Es versus the test vessel size, scaling can
be obtained without goirg into details such as equivalent flame tempera-
ture or absorption coefficient. E¢ fsestimated fcr the full scale by
extrapolating from the experfaental curve. This valae is then merely

multiplied by the configuratficn factor F determined froa flame height
and width as discussed above.

There-

The user
e pover Ef = £

Firespread Test

Purpoce

in an automated plant for the manufacture of explosive and/or pro-
pellant substances, materials in various stages of the manufacturing pro-
cess are frequently moved on conveyors from one work station to another
within a building, or between bufldings. 1In case an accidental fire
shculd start on one of these coaveyors, {t is obvicusly irportant to ex-
tinguish the fire be sre it propagates to the next work station or the
next building. Means are avaflable for sensing the presence of

fire and
for controlling fit, but all require some time for detection and activa-
tion. The time required to countrol a fire must be shorter than rhe time

it would take the fire to propagate from one sensitive loc
next. In fact, the potential rate of fire spread along
diccate the minimun safe conveyor lengths between work stations and/or
between bufldings. That s the conveyor lengths must be sufficiently
freat so a fire on a conveyor can be controlled befor~ ft reaches the
next sensitive location. The rates of flame spread along conveyors in

various stages of the manufacturing process are therefore critical fac-
tors in the layout of the plant facilicies.

ation tov the
a conveyor would

gprrngj§g£gJy;£py Art

Rates of tlame spread differ widelv for d
for the inprocess materfals considered here, they may range from centi-
meters per min. to hundreds of nmeter per sec., Furthermovre, the rate of
flame spread is not a unique physical property of a substance, but de-
pends on many varfables thot =ight affect the rate of energy release by
che burning material, and the mamer in which the energy is diss.-~ated.
Such variables may include, for exampla, the thickness of the fuel layer,

its geometric configuration (¢.g., flakes, pellets, powders), whether or

{fferent combustibles: and
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now a comreyor is covered and the distance between the fuel surface and
the cover, the direction of tlame travel (horizontal or at « steep angle),
air movement over the surface (drying coaveyor), etc,

Unfortunately there are no analytical means for predicting the rate
of flame spread for a material based on its physical and/or chemical
pronerties. Nor are there known scaliag laws that permit using small
bench-type tests for predicting the rate of flame spread for a ful.-
scale condition of actual use. This {s true not only for the types of
materisl considered here but also for ordinary wall-finish materials for
buildings. For such ordinary nmaterials, test methods have been devised
that rank various materials relative to one another, but the results of
these tests cannot be used to predict the actual time for fire to spread
a given distance on a wall in a building., Tests of this type are not
adcquate for the present purpose since only real timcs of flame spread
are essential in the layout of a plant for establishing safe distances
between sensitive work stations. Thus, with the present state of the
art, only full-scale tests on a ccnveyor mockup coula provide the neces~
sary information. Furthermore, in view of the nonuniform (erratic) be-
havior of explosive and propellant materials, several repetitive tests
would be necessary to obtain reliable information with a specified mar-
gin of safety. 1In the conduct of full-scale tests, sufficient data should
be collected, even beyond the immediate need, to provide information for
future analysis that might lead to reliable modeling and scaling laws,

Nevertheless, there is a need for small-gcale testing to guide the
design of the full-scale mockups since the latter vill be much more cocst-
ly. The rates of flame spread of different iaprocess materials may range
over several orders of magnitude, and without some prior “nowledge of a
material's behavior, the necessary length of a full-gcale mockup could
not be estimated realistically.

In the hazards classification procedure, it ig conceivable that ga
small or intermediate 8cale test can be used to estimate flame spread
reate on the conditfon that the estimate 18 certain to be condervative,
If the conservative flame spread estimate puts the user into an economi-
cally unacceptable quantity-distance class and if the user has reason to
believe that his inprocess material will not propagate fire that Guickly
in the full scale, an experiment can be done to disprove the result ob-
tained from the smaller scale tests.

Experimental Evaluation

M30 pellets. Firespread tests are not required for any of the other
three sample materials being tested because the other materials do not
exist ia a layer in the acftual process operations. ’
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In firespread tests, celotex troughs (240 cm (8 ft) long) were selected
as a standard. In the hazards classification procedure, the process
operation's actual laver width and depth should be chosen for the test-
ing. Also, actunal materials of construction should be used if they are
known. In our evaluation of the firespread test, we varied the trough
widen at two sizes -~ 15 cm (6 in.) and 30 cm (12 in.) and layer depth
two sizes -~ 1.27 ecm (1/2 in.) and 2.54 cn (1 in.) to determine the sen-
sitivity of results to variations in these parameters.

The firespread test is designed to evaluate the damage potential by
two wmechanisms: (1) by firespread (i.e., is the flame front velocity too
fast for the deluge svstem to respond in time?) and (2) by remote radiant
heating from the flame (only 1f the Iayer is not covered). If the actual
system {s covered, the test should also be dorie with a cover over the
layer since this {is likely to enhance the firespread. If the actual
layer is not covered, flame radiant heating {s a potential hazard and
should be evaluated in the test. In order to be able to evaluate both

firespread velocity and remote heating, we conducted our series of tests
in the uncovered configuration.

The arrangement is shown in Figure 59. The layer of pellets was
initiated at the far end in the photograph using a gas burner. Radiome-
ters measured heat flux. Movies of the end and side views gave flame
shape and fiame front velocity,  Flame froat velocity was also measured
using light sensors, seen in Figure 59 at every foot of the trough's
length,

The flame front velocity data for the six firespread tests are
plotted in Figure 60, Tests FS-1 and FS-2 were both in 1.27 em (1/2 in.)
deep, 15 ¢m (6 In.) wide troughs. FS-1 used an old batch of M30 pellets
with much of the solvent evapcrated. Test FS-5 was the same as FS-2 ex-—
cept the trough was 30 em (12 in.) wide. These three tests gave similar
velocity profiles ( 0.03 m/S). There is apparently some enhancement due
to a higher solvent crnrentration (as would be expected) and some enhance-
ment due to increasing the trongh width, but these effects are not ex-
tremely strong. In all three cases, the velocity remained fairly con-
stant for tie lenath of the trovgh, so extrapolation te the full scale
length would not be a problem.

Tests FS-3 and FS-4 were both in a 2.54 cm (1 in.) deep layer, 15 cm
(6 in.) wide. Good tepeatability was seen for these two tests. The data
for FS-3 and FS$-4 can be fit to a concave upward curve of the form shown
fin Figure 61 in order to extranalate to longer trough lengths. The flame

trevel time for the rull scale system 1, can be computed from the expres-—
sion
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Fig 59 Firespread test arrangement
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Where X is the full scale trough length, x is length, and V(x) is the
flame front velocity versus distance relation. If T is found to be
greater than the total response time of the fire detection/extinguish-
ment system to be used in the plant, either the trough should be made

longer or the response time of the detection/extinguishment system should
be improved.

In Figure 60, test FS-7 (30 cm wide by 2.54 cm deep) was found to
have a higher velocity profile than the other configurations.  The veloc-
ity profile for this single test was not well defined.. If the actual
systen were 2.54 cm (1 in.) deep by 30 cm (12 in.) wide, several repeat
tests should be done to better define the curve shape in order to extrap-
olate to the full scale length.

While Iin general, the flame front velocity was found to increase
strongly with travel distance, the flame size appears to stabilize after
a short distance, although it is somewhat erratic. Flame width and height
are plotted in Figure 62 for the tests where movie film coverage of the
side view was available. Flamne thickness was obtained from the end view
movies. Flame shape {s strongly related to the remote radiant heat flux,
and although the data {s somewhat erratic, flame shape can be used to de-
fine the maximum remote heat flux produced in a full scale fire.

Tr2 heat flux from a flame, ¢, can be estimated from the following
expression:

% 4
q =(1 - e ™) + Feosd - @ -(Tfﬁ - T1'}
—_— )

€¢ F'

Where €¢ is the effective flame emissivity, a is the absorption coeffi-~
cient, x is the flame thickness, F' is the configuration factor for radia-
tive heat transfer from the flame to the target, F is the configuration
factor for a target directly facing the flame and cos 8 accounts for the
nommal to the target's surface being offset by an angle 6, O is the Ste-
fan-Boltzz=ann constant, T¢ is the flame temperature and T_ 1is the ambient
temperature. The shape factor {s given by relations devefoped by NACA
and presented in NACA TN 2836 (sce Figure 52). In Figure 52, W is the

flume width, h {s the flame height and d is the distance from the flame
to the target.

Flame temperature can be roughly estimated from the flame color seen
in the movies. Based on the yellow color seen in the movies, flame temper-
ature would be expected to be on the order of 930°C (1700°F) to 1040°C
(1900°F). To estimate a, we chose to use test FS-7 and 1040°C (1900°F)
as a standard. This yielded an o of 0.83/cm (0.252/ft), which is reason~
able for flames of this type. By using this value and rearranging the
expression for heat flux, the effective flame temperature Tg¢ could be
computed for each test where heat flux and flame size data were available.
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The flame temperature computations are presented in Table 25. In all
cases except test FS-1, the flame temperature was right in the range
930°C (1700°F) to 1040°C (1900°F), Test FS-1 used an old batch M30 pel-
lets with wost of the solvent evaporated. The other tests used fresh
sample. it appears that the effective flame temperature can be assumed
to be a constant for a given sample materfal. Once the effective flame
temperature is known, scaling can be accomplished purely based on the
flame shape using the heat flux equation given above. Based on the fire-
spread test results, a conservative flame temperature of 1040°C (1900°F)
can be used and flame shape can be inferred from Figure 50 in order to

estimate the heat flux which would be produced from a fire in a full
length trough.

Cloud Explosion Test

In process operations, there are many systems in which a fine powder
or a vapor is dispersed in air inside of a container. These systems in-
clude pneumatic mills (e.g., jet mill), pneumatic mixers, cyclone sepa-
rators, pneumatic ducts, etc. For these systems, the process material
which presents a potential hazard is the chemical dispersed in air rather
than the chemical by itself. To characterize the potential explosion
hazard for such a system, the Hartmann dust explosibility apparatus (Ref
22) or the Bartknect apparatus (Ref 23) can be used. The Hartmana ap-
paratus is suggested for use in the hazard classification procedure at
the present time because the test method is well established and the ap-
paratus exists at many facilities. It has been shown that the Hartmamn
apparatus is too small for scaling the pressure rise characteristics of
a cloud explosion (Ref 23), while the Bartknect apparatus 1is sufficiently
large. 1In addition, The Bartknect apparatus can test vapors as well as
dusts. The Hartmann is only for dustg. Therefore, tests done in a Bart-
knect apparatus are atleast as good as Hartmann results and always ac-
ceptable. However, since the Bartknect type test requires a large costly
chamber and the equipment is presently only available at about three
laboratories, the Hartmann test will be used for the present.

In the hazard classification procedure, only a general test descrip-
tion is provided. The ASTM E-27 Dust Subcommittee has a detailed draft
of a Standard Dust explosion test using the Hartmann apparatus. The

draft is still not ready to be released and is therefo
in this report.

re not incorporated
However, it 1is suggested that the final ASTM Standard

for this test be adopted for hazards classification when the standard is
finalized.
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The hazards classificati

on procedure developed under this program
for inprocess propellant and

explosive materials in given in Appendix E.
The procedure is the outgrowth of all the investigations described in

the previous sections of this report. The procedure consists of a general
background section (Chapter 1), a description of the overall procedure
steps (Chapter 2) and an appendix containing detatled precedures for each

of the individual tests which may be required. It should be noted that
not all of the tests described will be required for any given material
to be classified.

The overall procedure co
tivity tests) and an effects
tests). The sensitivity eval
for the material (either "
classification is based on

nsists of a sensitivity evaluat{ion (sensgi-
evaluation (screening tests and effects
uiation leads to a sensitivity classification
sensitive” or "insensitivé"). The sensitivity
of sensitivity test results for sti-
cess operation to "high credible”
Process being considered. The
analysis of historical procesr
analysis calculations. The values
ely rough approximations and/or
A complete additional program could
timulus energy values to ugse for each

This probably would not be warranted ia that
ation is only meant to be

"high credible" values are based on an
Plant accident data and simple hazards
obtained by these methods may be extrem
quite questionable in some cases.
be devoted to estimating the best s
type of process operation.
the sensitivity classific
tative indication of how
will be the most likely causes. This information is useful for safe
handling of the material, but not as important as knowing the ultimate
result of an initiation. The major emphasis in tlis hazards classifica-
tion procedure lies in the effects evaluation. The effects evaluation
characterizes the materi

likely consequence of .
an initiation. The NATO-UN categories (Ref 3) have been expanded slightly
to adopt them better to inprocess situations. As the result of the ef-
fects evaluatior, the material is placed into one of the modified NATO-
UN classes.

When developing the effects evaluation procedure several.logical )
options existed in terms of using the critical size and transition tests
to screen the sample and choose the most appropriate effects test to be
done.

In deternining the best logic scheme, we had four screening tests
and four effect tests to work with. These are

Screening Tests

1. Critical Diameter:

Can the material sustain an existing
detonation in its pr

ocess vessel ?

2. Tube Transition: Can a deto

nation develop from a flame
in the process vessel?

1€2
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3. Critical Layer Thickness: Can the material sustain an
existing detonation in the process layer depth?

4. Layer Transition: Can a detonation develop from a flame
in the material at the process layer depth?

Effects Tests

1. Mass Explosion Test: Characterizes explosive airblast
and fireball '

2. Cloud Explosion Test: Characterizes severity of a dust
or vapor explosion in the process vessel

3. Mass Fire Test: Characterizes the potential for the

spread of fire and damage from a mass fire of the mate-
rial in bulk

4. Firespread Test: Characterizes the fire severity and
flame spread rate for nacerials in layers

The first possibility was to omit the screening tests and begin with
the most severe effects test. For example, always conduct the mass ex-
plosion test first (2xcept for dust or vapor clouds). If the material
is not classified zs a mass explosio's hazard by the test, then go to the
next lower effects test, the mass fire test, and so on. When testing
this approach using the test results for the four sample materials evalu-
ated, it was found that the sample would always be classiffed conserva-
tively (all four materials were class 1.1A, mass explosion hazard). This
result was felt to be unreasonably stringent in that in a real accident

sone of the materials clearly would pose a fire hazard and not an explo-
sion hazard.

The second approach was to use only the critical dimension tests
(ask, is the material detounable?) and not use the transition tests to
help select the most appropriate effects test to be done. In using this
approach, we are not concerned with whether the detonation develops in
the particular process vessel being.studied. Rather, detonation could
develop elsewhere and the sample being tested must only be able to prop-
agate the detonation in order to be classified 1.1A. This approach is
probably the most realistic conceptually ho'~ver, when trying it using

_ the test results for the four sample materiais, the approach was found

again to be overly conservative.

The third approach which was tried adds the transition tests to help
in screening. This approach assumes that initiation must originate and
build to a detonation in the process vessel being evaluated, in order for
the sample to be classified 1.1A. By adding the transition tests to the
screening, the most reasonable results were obtained for the four sample
materials tested. The judgement of what was reasonable was based on ob-
servation of the effects tests and consideration of the actual process
configurations. None of the approaches embody perfect logic for routing
the evaluation to the most proper effects test, but the third approach

seers to empcdy the best balance of optimisms and conservatists co gener~
ally give the most realistic answers.
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PROCEDURE VALIDATION AND CONCLUSIONS

In order to assure that the overall »srocedure logic is reasenable
and that the required test procedures do not embody unforseen problems,
the hazards classification procedure has teer applied to the four sample
materials selected in the previous project.

The four sample materials used in this program were quite old when
testing was done and do not necessarily accurately represent the actual
inprocess materials. Therefore, we were not accurately classifying the
four materials here. They were used only to test out the validity of
the procedures being proposed. 1In order to test the overall hazards
classification procedure using tnese samples, the following ass:mptions

were made concerning the process operations from which the sampl~s we e
extracted:

1. The RDX slurry is assumed to be from a conveying opera-
tion most similar to a chute. It is assumed to exist in
the nearly dry form as it was received, rather than as
15 percent solids in water.

2. M30 pellets are assumed to exist inprocess on a belt con-
veyor dryer which i3 6 m lonz by 0.3 m wide by 1.27 cn
deep. The belt is assumed to be inside a large 2.4 n
(8 ft) tall oven with other conveyors. The material on

the other conveyors could be ignited if the original fire
were severe enough.

3. M26 paste is assumed to exist inside 2 0.9 m diameter
by 1.52 m long vessel.

4. After extrusion, the Ml strands are assumed to be piled
into a container which is 0.3 m diameter by 0.61 m long.
The room's ceiling height is 6.1 m, or about 5.5 m
above the top of the container.

5. All process vessel walls are assumed to be 0.32 cm
(1/8 in.) thick.

These assumptions may or may not be correct for the actual system. How-
ever, since we aren't really concemed with accurately classifying the
materials, these assumptions will serve well to test out the procedure.

The results of the classification of the four materials are surma-
rized in Tables 26 through 29. The procedure seems to work reasonably
well. No problems were encountered in applying the system to the four
sample materials tested. A qualitative description of the likelihood of
initiation and most probable stimuli is provided as well as what seems
to be a realistic effects classification. Whether or not the procedure
realictically classifies all inprocess materials needs much more exten-
sive validation. A more thorough validatifon of the procedure may indi-
cate that some of the specific criteria values need to be shifted somewhat
or that some aspect of the overall logic needs adjustment.
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™~ «@.. Classification of RDX slurry’
Sensitivity evaluation

Test required Ravadtint Enaihicy) . facter
Local {mpact 5.3x10% j/m? 1.9x10% j/m2 16
Impingement 10 m/sec 180 m/sec (Ref 19) 18
Rubbing friction 6.9x 108 w/m2 >4.65x 108 w/mZ >0.95
ESD charging susceptibility (Marginal--relaxation time = 25 msec)
ESD ignition 0.17 j >13 5.88
Thermal (autoignition) 100°c 255°C 2.55
Thermal (local hot spot) 1000°C > 1066 >1.066

System safety factor > 1.066
due to thermal stimuli

Effects evaluation

(1) Critical diameter was found to be < 0.64 cm.

(This is less than the process vessel diameter, :herefore the tube transi-
tion test is required.)

(2) Critical length was found to be negligible.

(Tnis is less than the process vessel length, therefore the mass explosion
test 13 required.)

(3) The TNT equivalency for the RDX sample was found to be about 120Z.

(This is greater than 102, therefore the material is Class 1.1A, mass
explosion hazara.)

Classifications
Class 1.]lA (mass explosion hazard)

and
SENSITIVE due to thermal stimuli

a,.
Note, tests were done with the RDX as received.

: The as received material
requ.red the addition of a significant quantity of water to realistically
simulate the actual inprocess material form.
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Table 27
Classification of M26 paste

Sensitivity evaluation

Test required povential seffg"t"ffi 3 Pl
local impact 5.2x% 10" _1/!112 6.92x 10 j/m 13
Rubbing friction 6.5x10° w/m2 >7.20x10° w/m >1.1
ESD charging susceptibility (Not susceptible--relaxation time = 0,2 msec)
ESD ignition 0.17 j 1) 5.88
Thermal (autoignition) 124°c 183°C (assumed value) 1.48
Thermal (local hot spot) 1000°C 500°C 0.5

System safety factor = 0.5
due to thermal stimuli

Effects evaluation

(1) Critfcal dianmeter was found to be about 0.9 em.

(This 1s significantly smaller than the process vessel diameter,
therefore the tube transition test is required.)

(2) Critical length was found to be about 9.14 cm.

(This is significantly shorter than the process vessel length,
therefore the mass explosion test is required.)

(3) The TNT equivalency of M26 paste was found to be between 80 and
1302. (This is greater than 10%, :herefore this material is
Class 1,1A, mass explosion hazard.)

Classifications
Class 1.1A (mass explosion hazard)

and
SENSIT1VE due to thermal stimuli
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haN ) Table 28
. ¥ 2 ) able
Classification of Mi strands
Sensitivity evaluation

i . Inprocess Sample Safety
Test required potential sensitivity factor
4 -__-——_——_~2 r—

Local impact 6.76 x 10 j/m2 >3.14 x 106 j/m > 46

]
Rubbing friction 4.90x 108 w/m2 >1.48x% 108 w/n” >0.3

ESD charging susceptibility (Highly susce

ESD ignition 0.17 j >1 3 >5.88
Thermal (autoignitlon) 340°C 118°C (Ref 19) 0.347
Thermal (local hot spot) 1000°¢ 786°C 0.786

System safety factor = 0.347
due to thermal stimulj

Effects evaluation

(1} Critical diameter was fourd to be about 1.9 cm,
(This is smaller than the process vessel diameter, therefore the

tube transition test is required.)

(2) Critical length was found to be greater than 1.37 1.
(This is Jarger than the pProcess vessel length, therefore the mass fire

test is required.)

(3) The mass fire test indicated that,the f1
and give a heat flux of 0.87 w/en® at 3
(At the indicated flame hefysht, the f1
the cefling but the flame's he
criteria of 0.728 w/em?. There

ame could extend 4.88 g high
m from the flame.

ame tip is more than 10% below
at flux at 3 m {s rreater than the
fore, the material is class 1.3A))

Classlf!cat!oq
Class 1.3A (mass fire hazard)

and
SENSITIVE due to thermal stimuli
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Table 29
Classification of M30 pellets
Sensitivity evaluation

Test required pocancaal e e ihic
Local impact 5.3x 10" j/m2 >4.45%10° j/m2 > 8.5
Impingement 10 m/sec 63 m/sec (Ref 19) T 6.3
Rubbing friction 4.9x 108 \.'/m2 C>1.23x 108 w/m2 >0.25
ESD changing susceptibility (Not susceptible--relaxation time = 1.3 msec)
ESD igniticn 0.17 j >1 3 :- >5.88
Thermal (autoignition) 481°C . 170°C 0.35
Thermal (1scal hot spot) 1000°C 1035 1.035

System safety factor = 0.35
due to thermal stimuli

Effects evaluation

(1) Critical layer thickness was found to be about 7.6 cm.
(This is thicker than the process laver depth, therefore, the firespread
test is required.)

(2) The flame spread test showed the maximum flame hcight to be about 2.3 m,
tiie maximum heat flux at 3 m to be about 0.24 w/cm“, and the estimated
flame travel time to be about 174 sec across a 6.1 m long layer. (The
wnclorure is assumed to be 2.47 m tall ond the flame height is within
10%Z ot this value, therefore, the material is class 1.3A, mass fire
hazard. Note, that this {s a borderline case. If tue flame were slightly
shorter, the heat flux and flame spread time are both well on the sate
side of their eriteria and the material would have been class 1.4, minor

hazard.)
Classification
Class 1.3A (mass fire hazard)

and
SENSITIVE due to thermai stimuli
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TR A

RECOMMENDATIONS

For these reasons, it is recommended that a much more extensive valida-
tion of the procedure be conducted. Materials with known accident histories
(good as well as bad) should be used so that a clear indication can be oh-
tained whether or not the procedure conclusions are realistic.

It is also recommended that a program be devoted to assuring that
the required sensitivity tests for each process operation 73 well as the
inprocess potential energies for each case are realistic. It is suggested
that each case (that is ecach stinulus for each process operation) te
looked at in detail to assure that the inprocess energy levels with which
the sensitivity test results are to be compared are indeed realistic "high
credible" valves. It should be kept 1a mind that the primary classifi-
cation is based on the effects of an initiation rather than on the mate-
rial's sensitivitv. However, to assure that the sens!iivity evaluation
is meaningful (even qualitatively) the required tests for each process
operation and the inprocess potential energies should be cacefully scru-
tinized and selerted with confidence.

Several of the propised test methods could still be improved some-
what with additional work. For example, the rotary friction apparatus
used on this progran wvas made up of available components and used a drill
press structure as the framework. Tne apparatus was quite sturdy and
worked reasonably well, however, a special design for the equipment using
optimum components should provide a substantial improvement. In the ESD
ignition test, more research into the relation between spark gap, capa-
citance, spark energy and electrode configuration may lead to a reduction
in the number of tests required. The tube transition test may also be
improved with tetter understanding from additional testing. The test is
the final stage of an evolution process which occurred during the program
and only one trial was completed f-r each sample in that configuration.

Finally, it is feit that the proposed hazards classification proce-
dure is reprrieatative of the current state of the art. Since our under-
standiug of the various phencmena is continually advancing, it is recom-
mended that the procedure be reevaluated pericdically (e.g., once every
five years) and modified to reflect advances in the state of the art.

It is also suggested that a comprehensive effort be directed toward de-~
fining criteria for safe handling and safe separation of the materials
in each class. A substantial base already exists in this area but em-
phasis has been on mass explosions involving materials in storage or

transport. Work is needed for inprocess materials, particularly in de-

fining safe handling and safe separation critieria for the effects other
than mass explosion.
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APPENDIX¥ C

JUSTIFICATION FOR CHOOSING SPECIFIC SENSITIVITY TESTS
FOR EACH PROCESS OPERATION
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JUSTIFICATIONS FOR CHOOSING SPECIFIC SENSITIVITY TESTS
FOR EACH OF THE DIFFERENT PROCESS OPERATIONS

E21t Conveyors

1.

Impact
e on layer or individual particles, whichever is appropriate

e from dropped item (e.g., tool) or mechanical failure of
machinery

Impingement

e during loading and emptying, dropping particles onto belt
or into next container

Rubbing Friction

e powder on slipping rollers, etc.
e person pushing article across apparently empty belt
ESD

<01 determination

e removing particles at exit end of belt
(very unlikely scenario -- omit)

Bed/layer ignition {if vapor is present evaluate ignition
there too)

e discharge from ungrounded person

. Thermal

Local hot spots

e welders spark

e cigarette cinder

¢ fire brand (secondary event)

e hot metal fragment from part failure
Autoignition

o heat generated from stuck roller, failed bearing,
belt slippage, motor burnout, etc.

Compression/Pinch

e material caught between belt and roller

e material gets into moving parts
(falls under category of weak, slow impact)

Screw Conveyors

1. Impact
Within bulk
e machine failure causes impacts internal (weak)
270
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on layer or particle

‘e .human 1mpacfs (dropped part/hitting bolt)during
maintenance, cleanup

. Impingement #®-. G

e during loading/emptying of machinery

. Rubbing friction

® clump or individual particle gets caught between
screw tube wall

. ESD

€0t determination

e charge buildup as powder is rubbed on screw tube wall
Bed/layer iguition

e breakdown within powder Led

e discharge from ungrounded person to dust present on
outside of tube or at entrance or exit hoppers

. Thermal

Local hotspots

e welders spark, cigarerte,

fire brand at entrance or exit
hoppers e

» hot metal chip from part failure
Autoignition

« it n.val shaft transmitting heat from motor burnout

. Compression/Pinch

® particles pressed in machine parts
(falls under category of weak, slow impact)

Bucket Conveyors

1.

Impact
On layer or individual particles, whichever is proper
e from dropped item or mechanical failure of equipment

hnpingement
e on filling or emptying buckets

. Rubbing Friction

® persun scraping tn clean out bucket
e powder gets caught in moving parts

- ESD bed/layer ignition (if vapor is present, evaluate vapor

ignition also)

e discharge from ungrounded person

. Thermal
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Local hot spot

e welders spark, cigarette, firebrand

Autoipgnition

e dust/powder gets on hot motor, failed bearing, etc.
6. Compression/Pinch

e powdevr gets into moving machine parts
(falls under category of weak, slow impact)

Pneumatic Convevors, Jet Mill, Air Mixer, Cyclone, Dust
Collector, etc.

1. Impact, on layer

e person chipping off scale on inside equipment walls

e dropped item during maintenance
2. Impingement

e particle-wall, particle-particle impacts during operation
3. ESD particie cloud ignition

e discharge within material cloud inside equipment
- from charging with cloud (not likely to be strong)
- from charged ungroﬁnded equipment part inside item
4. Thermal
Local hot spot

e incendiary spark produced by foreign piece of material
which got into the system

Autoipgnition Temperature

e dust leaks and gets on blower motor
(very weak argument -- omit)

5. Compression/Pinch

e dust gets into blower moving parts
(very weak argement)

Hoppers

1. Impact
Within Bulk

® butter{ly valve at exit clcses on individual particles/
layer (wnichever is proper)

item dropped into hopper
chipping out residue during cleanup
dropped cover

person hits bolt to loosen

2. Impingement
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e particles hit ®#11 on Filling
3. Rubbing Friction

e person scraping out residue during cleanup
4. ESD .

€otr determination

e bed charging upon emptying
Bed/laver iwniticn (consider vapor if present)
e within sliding bed (not likely)

e from ungrounded person
Cloud ignition

e discharge from lip of entrance duct upon filling
5. Thermal

Local Hot Spot (Open Hopper Only)

® welding, smoking firebrand

Autoignition
e dust gets on hot motor, etc., in vicinity
(weak argement -- omit)

Tote Bins

1. Impact
Within Bulk
e closing of exit valve (weak argument)

On layver or individual particle

e item dropped into bin
2. Impingement

e particles falling into bi- on filling
3. Intermediate Scale Impact

e bin gets loose from operator and rams into another
equipment item

4. Rubbing Friction

e person scraping out residue on cleaning
e dust on floor stepped on or slid on by bin wheel
5. ESD

ceor determination

o bed charging upon emptying bin
Bed/laver ignition

e within sliding bed

e from ungrounded person
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Cloud/vapor ignition

e ungrounded bin discharge to filling/emptying.
flexible connection upon filling/emptying

6. Thermal
Local hot spots

e welding, smoking, firebrand for open bin

Autoignition

& dust gets on hot motor, etc.
(weak argement --omit)

Screening

1.

Impact :
On laver or individual particles (whichever is appropriate)
e dropped item

e equipment failure (e.g., shaker linkage)

2. Impingement
e particles falling from a screen level to the next
level or onto the bottom susface
e particles falling onto a screen upon filling
3. Rubbing friction
e powder getting caught in moving screen
(e.g., between wires)
e person scraping wall during cleaning
4. ESD
Bed/layer ignition and cloud ignition (vapor if proper)
e discharge from person upon cleaning
e discharge from ungrounded screen or partly insulated
screen wires
5. Thermal
Autoignition
e dust gets on hot shaker motor external
e motor burnout heat conducts into screen parts
Pressing
1. Impact

On laver or individual particle (whichever proper)
e failure of machine parts
e dropped item during maintenance

e person trying to pry/knock out stuck cake
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2. Impingement
e particles entering mold during filling

3. Viscous Friction

e cxtrusion of material around edge of press with
poorly fitting mold |
(design and special safety problem) I

4. ESD bed/laver ignition (consider vapor if exists)

e discharge from ungrounded person
5. Thermal

Local hot spot/autoignition (depending on size of toreign
part)

—

e foreign metal piece deformed in mold or shears a chip off
the mold wall

e welding, smoking, firebrand
(weak arguments)

¥

6. Compression/Pinch }
e over design max Pressure (P) or %%—

(design and special safety problem) ;

7. Intermediate Scale Impact
e cake dropped
8. Rubbing Friction

e friction during cake removal

Extrusion |
1. Impact

On layer or individual strand (whatever is appropriate)
e due to equipment failure
e due to person dropping item onto strand, etc.

2. Viscous Friction

e overdesign extrusion
e extrusion with foreign piece

3. Rubbing Friction

e friction as strand or sheet moves through die
¢ person steps on strand and slides
4. ESD bed/layer ignition

e discharge from ungrounded person
ESD ect determination

e charge buildups on strand as it passes through die
(discharge on surface back to die lip)
(weak argument -- omit)
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5. Thermal -l =
Local hot spot

e foreign part pushed through die
e welding, smoking, firebrand

Autoignition

e ignition to heating of foreign material in die
(design and special safety problem)

6. Compression/Pinch

e compression of material in die
(design and special safety problem)

Impact

On layer or individual particle

e machine part failure

e tooth impacts on chunks

Impingement

e particle impacts on teeth

e particles dropped onto the machine on filling
Intermediate Scale Impact

e hammer mill hitting chunk of material
Rubbing Friction

e powder gets into bearing, moving parts
e scraping wall on cleaning

e chunk rubbed between tooth and wall
ESD

Cloud ignition (not likely)

e discharge of particle cloud within cloud
e ungrounded cutter discharges in cloud
Thermal-

Local hot spot

e foreign particle enters (incendiary spark)

Autoignition

e hot shaft heated by motor burnout or bearing failure

Compression/Pinch

e powder pets into moving parts (e.g.. bearing) and is

crushed there
(handle as slow, weak impact)
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Glazing, Coating and Batch Drum Operations

i

Impact

Within bulk, on layer or particle
e foreign part (e.g., tool) tumbles inside drum
e person drops item into drum

e slamming drum door closed
Impingement

e particles dropped into drum
e particles tumbling in drum

Rubbing Friction

e person cleaning out (scraping) drum
e powder caught in drum shaft bearings
e opening/closing door in drum

ESD

€01 derermination

e bed charging of powder sliding in drum
(weak argement -- omit)

Bed laver ignition !

e ignition within charged bed

e from ungrounded deflector plate/etc. inside drum
e from person discharge

Cloud ignition

e from ungrounded part inside drum
(e.g., foreign metal piece)

. Thermal

Local hot spot (open drum oniy)

o welding, smoking, firebrands, etc.

Autoignition
e Operation at overdesign temperature

Dryer

1.

Impact
On individual particles or layer (which is proper)
® perscn drops item onto layer on belt

Impingement
e particles hitting surface on filling or emptying

. Rubbing Friction
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Melt
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® powder/dust getting between belt/rollers, in bearings,
etc. |

ESD layer ignition (consider vapor of present)
e ungrounded person

Therzal

Local hot spot

e welding, smoking, firebrand

e hot chip from part failure
Autoignition

e over design drying temperature
Intense Radiant Heating (specialized)

® some systems were at one time suggested using intense
radiant heating to vaporize liquid in drying

Compression/Pinch

e dust/powder pinched between belt/rollers or gets in
moving parts
(handle as slow, weak impact)

Pour, Casting

Impact

Within bulk

e agitrator impact

On laver

e dropped item on liquid

e person chipping at residue on container wall
during cleaning

Intermecdiate Scale Impact

® nelt kettle drcpped or hit another item during
pour cperation

Rubbing Friction

e scraping at kettle wall during cleaning
e apgitaror rubs build up residue on container wall

ESD bed/laver ignition (consider vapor if there)

e ungrcunded person
e unsrounded kettle
Thermal

Local ho: spot

® welding, smoking, firebrand .
Autoignition/Runaway chemical reaction

® overdesign kettle temperature
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Chutes .

1.

N
Impact -@

On layer or individual particles

e dropped item
Impingement
® particles entering or exiting

® particle-particle/particle wall impacts
during travel

. Rubbing friction

® during cleaning, scraping residue off wall
ESD

€01 determination

e bed charging
Bed/layer, cloud, vapor ignition

® ungrounded person
® discharge within bed

. Thermal Local Hot Spot

® welding, smoking, firebrands

Autoignition
® dust gets on other nearby equipment that is hot,
e.g., motor (somewhat weak argument) :

Reactors/Wash, Mix, Hold Tanks

1.

Impact

Within Bulk

® Agitator impact

On layer (somewhat weak arguments)

e dropped cover

® impact on residue on outside of vessel

Rubbing Friction .

® Agitator scrapes on builtup layer of residue/scale
ESD Vapor Ignition (if vapor is present)

® discharge from ungrounded person
Thermal
® Runaway chemical reaction due to loss of cooling,

loss of mixing, leak in heat exchanger, operation at
overdesign T, etc. (design and special safety problem)
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Gravity Separators

1.

Impact (on layer)

o dropped item

® person trying to unclog chute to next vessel
ESD

€ot determination

e charge separation on separating phases
Bed/iayer ignition (consider vapor of present)

e at interface between phases
e ungrounded person

Rubbing friction

I
® person trying to unclog chute to next vessel

Thermal
Autoignition

e operating overdesign temperature

Centrifugal Separators

1.

Imgaét

Within bulk ‘
e foreign part enters and is thrown to outer wall
Rubbing friction

e residue builds up on moving parts or bearings
ESD

€01 determination

e charge separation with phase separation
layer ignition ’

e due to charge separation
Thermal
Autoignition/runaway

‘@ cperation over temperature

Filter

1

Impact on layer or individual particle

e dropped item
Rubbing Friction

e material gets into moving parts of system
(e.g., between belt/roller)
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e friction at belt scraper, especially with
foreign piece caught there

3. ESD

Bed/layer ignition (vapor if present)

e ungrounded person
4. Thermal
Local hot spot

e welding, smoking, firebrand

Autoignition

e overdesign operating temperature

e heating via failed bearing or burnout motor
| 5. Compression/Pincn

e material on moving machine parts, e.g., between
belt/roller
(handle as slow, weak impact)

Flaker Drum, Belt Flaker

‘ 1. Impact
On layer or individual particle (both are present here)

e dropper item

e foreign part falls into product container with flakes
2. Impingement

e flakes falling into product container
3. Rubbing friction

e powder/dust gets into moving parts
e friction at belt scraper
4. ESD bed/layer ignition (vapor if present)

e ungrounded person
. Thermal
Local hot spot

e welding, smoking, firebrand

Autoignition

e heating via failed bearing, burned out motcr, etc.
6. Compression/Pinch

e powder/flakes get pinched in moving machine parts,
e.g. between belt/roller
(handle as slow, weak impact)
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Impact

In bulk 5

e part failure or foreign material
Adiabatic Compression

e compression of a liquid air bubble passing
through pump

Rubbing Friction

e friction of impellar on builtup wall scale
Viscous Friction

e shezr flow of liquid through pump
Thermal

Autoignition

e overtemp design

e motor burnout

® bearirg failure
Compression/Pinch

e overdesign pressure
(design problem)
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APPENDIX D
AIRBLAST TEST RESULTS
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